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with Br 2 and I 2 at 25°C (CC1 4 , n-C 6 H 14 , and CH 2 C1CH 2 C1 were used as 
solvents) (106,107). Data obtained are listed in Table XXXVIII. The 
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TABLE XXXVII 

CT Energies and Rate Parameters for Peracid Oxidation of Disilanes 0 

Vct A//* AS* 

Compound (cm -1 ) 6 (kcal/mol) (kcal/mol) (eu) 

Me 3 SiSiMe 3 24,000 + 75 68.6 + 0.2 14.0 + 0.5 -26.8 + 1.6 



12.3 + 0.1 -28.1 + 0.1 




22,500 + 48 64.3 + 0.1 10.7 + 0.7 -28.5 + 2.2 


21,600 + 45 61.8 + 0.1 8.75 + 0.2 -29.3 + 0.7 


44 


°From Ref. 105. 

b CT band frequencies of complexes with TCNE in dichloromethane at room temperature. 


TABLE XXXVIII 


Spectral Characteristics of CT Complexes of Halogens 
with Peralkylsilanes and Disilanes 0 


Compound 

Halogen 

Solvent 

A ct (nm) 

Me 4 Si 

h 

CC1 4 

268 + 2 

Et 4 Si 

12 

CC1 4 

273 + 1 

Si 2 Me 6 

i 2 

CC1 4 

297 + 1 



CH 2 C1CH 2 C1 

295 + 5 



n-C 6 H 14 

298 + 1 


Br 2 

CCI 4 

295 + 5 

Si 2 Et 6 

I 2 

CC1 4 

300 + 2 


From Ref. 106. 
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TABLE XXXIX 


Kinetic Parameters and Arrhenius Equation Parameters for Reaction of 
Disilanes with Halogens' 1 


Compound 

Halogen 

Solvent 

k 2 (23.5°C; 
liter/mol cm) 

£a 

(kcal/mol) 

l°g04) 

Me 6 Si 2 

Br 2 

CC1 4 

2.5 

10.2 + 0.5 

7.9+ 0.4 



CH 2 C1CH 2 C1 

8.1 

9.2+ 0.5 

+1 

o 

b 


h 

CC1 4 

3.34 • 10~ 4 

10.5 + 0.8 

— 



CH 2 C1 2 

3.00 • 10 -3 

— 

— 



ch 2 cich 2 ci 

3.50-lO" 3 

9.7+ 0.1 

4.7+ 0.5 



PhCl 

0.97 • 10 3 

14.2 + 0.5 

7.2+ 0.6 

Et 6 Si 2 

Br 2 

CC1 4 

0.24 

10.4 + 0.6 

7.0+ 0.4 



CH 2 C1CH 2 CI 

0.25 

8.7+ 0.5 

5.9 + 0.3 


h 

PhCl 

b 

o 

o 

15.1+0.5 

7.2+ 0.6 


a The Arrhenius equation is k 2 = A exp (-EJRT); data from Ref. 107. 


reaction of disilanes R 6 Si 2 with halogens is overall a second-order reac¬ 
tion, first order in each component (107) (Table XXXIX). Rapid establish¬ 
ment of equilibrium has been suggested: 

R^S^ + Hal 2 ^ R 6 Si 2 * Hal 2 

The reaction is not retarded in the presence of inhibitors of radical chain 
reactions, so a radical mechanism is unlikely. An ionic mechanism is also 
improbable, because the reaction occurs in low-polar, poorly solvating 
solvents. The interaction of disilanes with halogens therefore seems to be a 
synchronous process; its most probable intermediate is the CT complex 
R 6 Si 2 * Hal 2 . 


G. 1,1 - Dialkyl-1 -silacyclobutanes 

Owing to the high ionization potentials of the Si-C bonds, tetraalkylsi- 
lanes hardly show any donor properties in their interaction with the tt- 
acceptors. But strong distortion of the valency angle at silicon in a small 
ring can facilitate ionization; the first ionization potential of 1,1-dimethyl- 
1-silacyclobutane is only 9.4 eV compared to 10.5 eV for tetramethylsilane 
(108). It is believed that the highest occupied molecular orbitals of 1,1- 
dialkyl-l-silacyclobutanes have some ethylene-like character. The analogy 
of silacyclobutanes with unsaturated compounds is also confirmed by their 
reactivity (109). Moreover, the low ionization potentials of these molecules 
allow them to serve as donors in CT complexing to 7r-acceptors. 
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Mixtures of 1,1 -dialkyl-1 -silacyclobutanes with TCNE (chloroform as 
solvent) absorb in the near UV and visible regions of the spectrum, 
although the separate components do not. This absorption is due to charge 
transfer from the silacyclobutane to TCNE. As the electron-donating 
power of the alkyl substituent in 1,1-dialkyl-l-silacyclobutane increases, 
the CT band shifts markedly to longer wavelength. 

Analysis of the data listed in Table XL shows that there is a good linear 
correlation between the position of the CT bands for TCNE complexes of 
1,1-dialkyl-l-silacyclobutanes ( 45 - 51 ) and the sum of inductive <r* con¬ 
stants of the substituents at the silicon atom: 

h i^ct = 2.38o£, r , + 3.56 (p = 0.992) (45) 

For silacyclobutanes ( 52 - 54 ; 1-methyl-, 1-trimethylsilylmethyl-, 1,1- 
diisopropyl-, and 1,1-dicyclohexyl-l-silacyclobutanes), the energies of the 
CT bands are much higher than calculated from Eq. (45), probably be¬ 
cause steric hindrance prevents effective overlap of the donor HOMO with 
the accepting LUMO of TCNE. Such steric interactions are especially 
important because the silacyclobutane ring is not planar [the dihedral angle 
is 30° {20)}. 


TABLE XL 


Position of CT Band in Spectra of Mixtures of 1,1-Dialkyl-1-silacyclobutanes 

with TCNE" 


N 

R 

R' 


2£|r‘ 

Act 

(nm) 

h Per 

(evr 

h Vryr 

(eV)" 

ip 

(evr 

45 

Me 

Me 

0.000 

0.00 

350 

3.54 

3.56 

9.31 

46 

Me 

Et 

- 0.100 

-0.07 

370 

3.35 

3.32 

9.08 

47 

Me 

rt-C^H 7 

-0.115 

-0.36 

375 

3.31 

3.29 

9.03 

48 

Me 

;-c 3 h 7 

-0.190 

-0.47 

400 

3.10 

3.11 

8.78 

49 

Me 

n-C 4 H 9 

-0.130 

-0.39 

380 

3.26 

3.25 

8.97 

50 

Me 

r-C 4 H 9 

-0.125 

-1.13 

380 

3.26 

3.26 

8.97 

51 

Me 

c 6 h„ 

-0.150 

-0.79 

388 

3.19 

3.20 

8.89 

52 

Me 

CH 2 SiMe 3 

-0.260 

— 

382 

3.25 

2.94 

— 

53 

;-c 3 h 7 

1 -C 3 H 7 

-0.380 

-0.84 

395 

3.14 

2.65 

— 

54 

c 6 h„ 

c 6 h„ 

-0.300 

-1.58 

390 

3.17 

2.75 

— 


"From Ref. 110. 

^From Ref. 111. 
c Experimental findings. 
d Calculated using Eq. (44). 
* Calculated using Eq. (42). 
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TABLE XLI 

Estimation of IPs of Silacyclobutanes 
by Spectra of CT Complexes 
with TCNE fl 


Compound 

^cr 

(nm) 

ip 

(eV) 6 

ip 

(evr 

1 —SiMe? 

□ 

350 

9.31 

9.40 

55 





M 62 S! 

1 —SiMoo 

D 

400 

8.78 

8.80 


56 





"From Ref. 110. 
^Calculated using Eq. (42). 
c By PES (108). 


Equation (42), describing the interaction of TCNE with permethylpoly- 
silanes, can be used to determine IPs of silacyclobutanes as well (Table 
XL). The ionization potentials of 1,1-dimethyl-l-silacyclobutane and 
l,l,3,3-tetramethyl-l,3-silacyclobutane (55 and 56) calculated from 
Eq. (42) are compared with those measured from photoelectron spectra 
(108) in Table XLI. Because silacyclobutanes obey Eq. (42), the direct 
effect of their structure on the energy of their HOMOs can be estimated: 

IP = 2,77of^ R ' + 9.33 (p = 0.993) (46) 

The sensitivity of the energy of HOMOs of dialkylsilacyclobutanes to the 
effect of alkyl substituents at the silicon atom is comparable to the HOMO 
sensitivity to the effects of the same substituents in ethylenes, aliphatic 
iodides, alcohols, and dialkyl sulfides, compounds in which donor HOMOs 
are undoubtedly the rr or n orbitals (112,113): 


Ethylenes: 

IP = 1.98o-^ + 9.74 

(47) 

Aliphatic iodides: 

IP = 1.69^+ 9.82 

(48) 

Alcohols: 

IP = 3.17or + 10.97 

(49) 

Dialkylsulfides: 

IP = 1.18o-^ + 8.63 

(50) 
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H. Peralkyl polymetals of Heavier Group IV Elements as Donors 

Because the ionization potentials of Group IV compounds decrease 
from Si to Ge, Sn and Pb, compounds of the heavier elements in the group 
should also form CT complexes with electron acceptors. In fact, CT bands 
have been recorded in the absorption spectra of permethylpolygermane- 
TCNE solutions (76,114) and a strong ESR signal of the TCNE anion 
radical was found in studies on the mixture of Ge 2 Me 6 with TCNE. As 
expected, the CT bands in the absorption spectra of permethylpolyger- 
mane complexes with TCNE are shifted bathochromically compared with 
spectra of polysilane complexes. The intensity of CT band of the Ge 2 Me 6 - 
TCNE complex does not change for several hours (95), but TCNE com¬ 
plexes with higher polygermanes, e.g., Ge 3 Me 8 , Ge 4 Me 10 , Ge 5 Mei 2 , are 
quite unstable. The visible absorption of a mixture of (GeMe 2 )6 with 
TCNE proves to be most unstable: the CT band is registered only at the 
moment of mixing of the reagents, and rapidly disappears. However, 
absorption of the anion radical of TCNE can be observed in the 350- to 
500-nm region for 30 minutes. This indicates complete electron transfer 
from permethylpolygermane to TCNE: 

TCNE + (GeMe 2 ) 6 —► TCNE" + (GeMe 2 ) 6 * 

An ESR signal of the TCNQ anion radical was recorded in solutions of 
mixtures of higher linear polygermanes Me(GeMe 2 )„Me (n > 5) with 
TCNQ in CH 2 C1 2 . 

Saturated compounds of tin give up their electrons to ^-acceptors even 
more easily (Table XLII). CT bands are detected in the absorption spectra 
during mixing of TCNE even with tetramethylstannane (114,115). Tetraal- 
kylstannanes react with TCNE rather rapidly; the PMR signal related to 
tetraethylstannane decreases by a factor of two in 15 minutes when SnEt 4 is 


TABLE XLII 

CT Spectra of Complexes of Tetraalkyltins 
and TCNE° 


Compound 

A c i 
(nm) 

^cr 

(cm" 1 ) 

IP 

(eV) 

SnMe 4 



9.70 

SnEt 4 

426 


8.93 

SnBu 4 

417 


8.83 


From Ref. 115. 
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TABLE XLIII 

CT Frequencies of Tetraalkyllead-TCNE Complexes* 


Et 4 ^„PbMe„ 

(0 n =£ 4) 

Act 

(nm) 6 

V CT 

(cm" 1 ) 6 

^TCNE 

(liter/mol sec) c 

ip 

(eV)" 

Me 4 Pb 

412 

24,300 

0.032 

8.90 

Me 3 PbEt 

430 

23,300 

0.52 

8.65 

Me 2 PbEt 2 

454 

22,000 

3.1 

8.45 

MePbEt 3 

491 

20,400 

12 

8.26 

PbEt 4 

— 

— 

48 

8.13 


“From Refs. 115 and 116. 

*In 1,2-dichloropropane at -35 to -52°C. 

c Second-order rate constant for insertion determined spectrophotometri- 
cally for first 10% in CH 3 CN at 25°C. 
d l? from He(I) PES. 


mixed with TCNE. An addition reaction occurs at the C=C bond (115): 

SnEt 4 + TCNE—► Et 3 Sn(NC) 2 CC(CN) 2 Et 

The CT complex of Me 3 SnSnMe 3 with TCNE is so unstable that its ab¬ 
sorption spectrum could not be recorded, although the electronic absorp¬ 
tion specuum of the TCNE anion radical was observed (114). Complete 
charge transfer in the mixture Me 3 SnSnMe 3 -TCNE was also demonstrated 
by the signal assigned to the anion radical of TCNE in the ESR spectrum 
(114). 

CT bands are observed in the absorption spectra of mixtures of Alk 4 Pb- 
TCNE only at low temperatures of -35 to -52°C (115,116) (Table 
XLIII). The CT band for the Me 4 Pb-TCNE complex is slightly more 
stable. At — 10°C in chloroform, the absorption band disappears (t x / 2 = 20 
minutes) and absorption at A max = 417 nm of the ion (NC) 2 CC(CN)= 
C(CN) 2 - increases accordingly (Fig. 14). 

Kinetic studies suggest the reaction mechanism given in Scheme 2 occur¬ 
ring through the CT stage (115): 


R 3 'PbCH 2 R + TCNE^ R 3 Tb(NC) 2 CC(CN) 2 CH 2 R -* 

NC NC CN 

i TCNE + l—l 

R 3 'Pb(NC) 2 CC=CHR — > R 3 'Pb(NC) 2 C=CCC=C(CN) 2 


-HCN 


R 


Scheme 2 
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Fig. 14. Changes in the visible absorption spectrum (A) during the reaction of 0.3 M 
Me 4 Pb and 0.01 M TCNE in chloroform at -10°C: 0, 20, and 60 minutes (116). 


A linear correlation was found between the IP values of tetraalkylleads 
and tetraalkylstannanes and the energies of CT bands in the absorption 
spectra of their complexes with TCNE. 

The appearance of CT bands in the absorption spectra of TCNE com¬ 
plexes with peralkyl derivatives of silicon, germanium, tin, and lead, and 
the dependence of their positions on the values of ionization potentials 
characterizing the energy of the donor HOMOs, suggest the possibility of 
charge transfer in systems including carbon compounds as <x-donors. This 
suggestion seems to be proved correct by observation of CT bands in the 
absorption spectra of mixtures of some saturated hydrocarbons with TCNE 
(117). CT bands were observed in the absorption spectra of TCNE mix¬ 
tures with the compounds listed in Table XLIV. As the first ionization 
potential of the hydrocarbon decreases, a bathochromic shift of the CT 
bands becomes quite evident. 

Charge-transfer phenomena were also observed in the interaction of 
peralkyl derivatives of the Group IV elements with <x-acceptors. Dilute 
solutions of NbF 5 , MoF 6 , and WF 6 containing tetraalkyl compounds of the 
Group IV elements are colored, and CT bands can be observed in the 
absorption spectra of these mixtures (Table XLV). CT complexes were 
also formed on mixing tetraalkyl compounds of germanium and tin with 
I 2 and Br 2 in neutral solvents (Tables XLVI and XLVII) (106,118); com¬ 
plex formation constants for the tin compounds were determined by the 
Benesi-Hildebrand method (Table XLVIII) (118). 



TABLE XLIV 

Spectral Characteristics of CT Complexes 
of TCNE with Hydrocarbons and 
Corresponding Ionization Potentials' 3 


Compound 

A ct (nm) 

IP (eV) 

Hexamethylethane 

310 

_ 

Cyclohexane 

320 

9.88 

Dicyclohexyl 

330 

9.40 

Decalin 

330 

9.40 

Adamantane 

355 

9.25 

1,1-Diadamantyl 

380 

— 


‘"From Ref. 117. 


TABLE XLV 

Spectral Characteristics of CT Complexes of 
Tetraalkylmetals of Group IV Elements with 
Transition Metal Fluorides 0 


^ct (cm ] ) 


Compound 

NbF 5 

MoF 6 

WF 6 

Me 4 Ge 

42,900 

43,400 

34,800 

Me 4 Sn 

36,300 

— 

29,800 

/i-Pr 4 Sn 

— 

— 

43,700 

34,500 

n-Bu 4 Sn 



41,300 

31,700 


"From Ref. 104. 


TABLE XLVI 

Long-Wave Absorption Bands in 
Spectra of CT Complexes Et 4 Ge 
with Halogens" 


Acceptor 

Solvent 

Act ( nm ) 

i 2 

rc-C 6 H 14 

277 + 1 


CC1 4 

279 + 1 

Br 2 

”-c 6 h 14 

277+1 


CC1 4 

278 + 1 


TABLE XLVII 

Spectral Characteristics of CT 
Complexes of Tetraalkyltin 
with Halogens" 


R 4 Sn 

ip 

(eV) 

Act 

(nm) 

Br 2 

12 

Me 4 Sn 

9.70 

275 

279 

Et 4 Sn 

8.93 

310 

300 

Pr 4 Sn 

— 

312 

300 

Bu 4 Sn 

8.83 

312 

300 


From Ref. 106. 


From Ref. 118. 
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TABLE XLVIII 

Stability Constants and Molar Extinction 


Coefficients of CT Complexes of 
Tetraalkyltin with TCNE fl 

R 4 Sn 

K (liter/mol) 

e (iiter/mol cm) 

Me 4 Sa 

0.34 + 0.03 

4650 + 100 

Et 4 Sn 

0.37 + 0.03 

5400 + 150 


‘From Ref. 118. 


In contrast to tetraalkyl compounds of germanium and tin, analogous 
compounds of lead react rapidly with ir-acceptors. For example, tetraalkyl- 
leads react with hexachloroiridate (IV) (IrClg~) at 25°C in acetonitrile or 
acetic acid (116) as follows: 

HOAc 

Me 4 Pb + 2IrCl 6 2 *->• Me 3 PbOAc + MeCI + IrCl 6 3 ' + (IrCl 5 2 ~) 

A linear correlation was established between the first ionization potentials 
of organolead compounds and the logarithms of the reaction rate constants 
(Table XLIX). It was proposed that the rate-limiting step was electron 
transfer from the organolead compound to the IrCl 6 2 anion: 

R 4 Pb + IrCl 6 2- -L R 4 Pb T + IrCl 6 3 * 

R 4 Pb • R + R 3 Pb + 


and so on. 


TABLE XLIX 

Correlation of the Rates of Oxidation of 
Et 4 _„PbMe„ by IrCl|~ in Acetonitrile with 
the Vertical IP fl 


PbMe„Et„_ 4 

k (liter/mol s) 

IP (eV) 

PbEt 4 

26 

8.13 

PbEt 3 Me 

11 

8.26 

PbEt 2 Me 2 

3.3 

8.45 

PbEtMe 3 

0.57 

8.65 

PbMe 4 

0.02 

8.90 


From Ref. 116. 
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Peralkyl polymetals react with ^-acceptors more rapidly as the metal- 
metal chain grows (112). In the course of the reaction, the E-E bond 
breaks: 


mMe 3 E(EMe 2 )„EMe 3 + WCi 6 — Me 3 ECl + Cl(EMe 2 )„EMe 3 + WCl 6 _ 2m 

where E = Ge, Sn; m ^ 1; n 5* 0. In the case of organotin compounds, the 
Sn-C bond breaks as well. 

Saturated hydrocarbons can also form CT complexes with cr-acceptors. 
There is evidence ( 114,119 ) that these hydrocarbons can form CT com¬ 
plexes with WF 6 and MoF 6 (as with I 2 and Br 2 ). The resultant complexes 
are sufficiently stable that complex formation constants can be calculated. 
Analysis of the CT band position of hydrocarbon complexes with halogens 
(based on the Mulliken theory) has shown good agreement between the 
calculated values and experimental findings (119). 


Ill 

ORGANOSILICON COMPOUNDS AS ELECTRON ACCEPTORS 

We have seen many examples of organosilicon compounds acting as 
donors in CT complex formation. Can silicon compounds also act as 
acceptors in CT complexes? Halosilanes are known to serve as Lewis acids 
in formation of acid-base complexes, such as those of Me 3 SiCl with 
pyridine, DMF, quinoline, and Et 3 N (120-123). 

The most likely candidates for CT acceptors are probably the silicon 
tetrahalides. Studies of the absorption spectra of mixtures of 7r-donors such 
as naphthalene and hexamethylbenzene with SiCl 4 failed to show evidence 
for complex formation, even though weak complexes were observed with 
CC1 4 (120,121). However, new absorption bands assigned to CT complexes 
have been observed in solutions of SiBr 4 with aromatic 7r-donors (Figs. 15, 
16, and 17). Molar polarization findings have also been reported in support 
of this assignment (121). 


IV 

CONCLUSION 


According to the orbital mixing rules (5), the interaction of a and 77- 
orbitals in organic molecules is prohibited by symmetry. This approxima¬ 
tion, suitable for planar molecules formed by the same atoms of the 
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Fig. 17. Absorption spectra (A) of anisole in cyclohexane (-), SiCl 4 (.) SiBr 4 

(-x-x-x-x-x-x), and CC1 4 (—) ( 121 ). 


second-row elements, does not hold strictly for organic compounds of the 
higher row elements. The <xbond orbitals of compounds having nonplanar 
structures can mix with the neighboring v orbitals in the same molecules 
and with those of other molecules in molecular complexes. 

Direct measurement of energies of the occupied orbitals (by photoelec¬ 
tron spectra) and vacant electron levels (by electron transmission spectros¬ 
copy) shows that organic compounds of silicon can be both effective donors 
and acceptors (Fig. 18) (124). 


- 6.0 

- 4.0 


10.0 

12.0 


eV 

- 6.1 


- 3.9 


10.5 

H4r 


IP, eV 


CMe4 

Fig. 18. Values of first ionization potentials (IP) 
and tetramethylsilane. 


SiMe4 

and electron affinity (£A) of neopentane 
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It is necessary to emphasize again the unique properties of permethyl- 
polysilanes. The position of CT bands in the absorption spectra of their 
complexes with TCNE is substantially determined by the same equation 
that is used to estimate the position of the CT bands in the absorption 
spectra of complexes of 77-donors, 

hv CT = alF + b (51) 

where a = 0.80-0.84 and b = 4.16-4.24. The low intensities of CT bands in 
the absorption spectra of permethylpolysilane complexes are probably 
explained by steric hindrance to complexing. 

One can compare the effectiveness of electron delocalization through 
mixing of cr orbitals in polysilanes and polygermanes with those of 77 - 
orbitals in 7r-donors. The values of the corresponding integrals H, are 
given below (125): 


Mixing orbitals 

tf(eV) 

^SiSi 

-0.50 

^GeGe 

-0.39 

77 C=C 

-1.23 


The “aromatic” properties of cyclic polysilanes such as dodecamethyl- 
cyclohexasilane ( 8,126,127 ) are especially noteworthy. This polysilane 
forms a stable anion radical and can be converted into a stable cation 
radical as well. As it reacts with 77-acceptors in solutions, charge transfer 
becomes quite obvious. The detachment of the electron from the dode- 
camethylcyclohexasilane molecule gives a very stable cation radical: the 
molecular ion (SiMe 2 ) 6 + has a 100% abundance in the mass spectrum of 


TABLE L 


Intensities of Molecular Ions in 
Mass Spectra of Some 
Permethylmetals of Group IVA a 


Permethylmetal 

Intensity (%) 

Si 2 Me 6 

68.7 

Ge 2 Me 6 

54.7 

Sn 2 Me 6 

32.2 

Si 3 Me 8 

76.3 

Ge 3 Me 8 

58.6 

(SiMe 2 ) 6 

100.0 


From Ref. 128. 
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this compound (the energy of ionizing electrons was 12 eV) (128) (Table 
L). Dodecamethylcyclohexasilane absorbs strongly in the long-wavelength 
region of the UV spectrum (127). These properties all resemble those of 
aromatic hydrocarbons. 
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INTRODUCTION 

The first attempt to synthesize pentaaryl bismuth compounds, though 
unsuccessful, probably dates back to Challenger in 1914. He wrote that 
“After each addition of the Grignard reagent (C 6 H 5 MgBr + (C 6 H 5 ) 3 - 
BiBr 2 ) a transient but intense purple coloration was produced, and the 
ether boiled” (1). This finding was reproducible, and Gilman and Yab- 
lunky used this coloration by (C 6 H 5 ) 3 BiX 2 as a test for organometallic 
reagents (2). They suggested the presence of Bi(C 6 H 5 ) 5 , and they also 
found that (C 6 H 5 ) 3 AsX 2 and (C 6 H 5 ) 5 SbX 2 did not produce the color effect. 

From the preparative viewpoint it was Wittig and co-workers who first 
established the existence of P(C 6 H 5 ) 5 (3), As(C 6 H 5 ) 5 (4), Sb(C 6 H 5 ) 5 ( 4 ), 
and Bi(C 6 H 5 ) 5 (5). The P, As, and Sb compounds are colorless and well- 
crystallized materials of increasing stability in the given sequence. Bi(C 6 H 5 ) 5 
is quite unstable both thermally and toward X-rays, so that the structure 
remained unknown, although the corresponding crystal structures of the 
lighter homologues have long been known. Wittig did not remark on 
the color phenomenon. Hellwinkel and co-workers (6) later synthesized 
Bi(C 6 H 5 ) 3 (4-ClC 6 H 4 ) 2 and Bi(C 6 H 5 ) 3 (C 12 H 8 ) (C 12 H 8 = 2,2'-diphenylene). 
These materials were also intensely colored. Among main group elements, 
colors are least expected in the highest oxidation states, simply because in 
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these states there are the fewest electrons that can be excited. At this point 
it was not even proven that the color was not due to an impurity, perhaps 
of radical nature. 


II 

PREPARATION OF PENTAARYL BISMUTH COMPOUNDS 

Wittigs method of preparing BiAr 5 materials in three steps is still useful: 

BiCl 3 -^ BiAr 3 —^ Ar 3 BiCl 2 -* BiAr 3 Ar' 2 (1) 

where Ar and Ar' are phenyl or substituted phenyl. There are normally no 
difficulties in obtaining the BiAr 3 materials. In the second reaction step, 
chlorination to Ar 3 BiCl 2 is sometimes not possible if many electron- 
withdrawing groups are present on the phenyl rings. Alternatively, 
fluorination with XeF 2 may give the corresponding Ar 3 BiF 2 compounds 
{7,8). For the third step, only lithium reagents have been used. Successful 
substitution is always obvious from the color of the solution. The pen- 
taaryls are quite often difficult to crystallize and may turn out as viscous 
liquids. This is possibly due to their quite irregular molecular geometry. 

With this general method homoleptic compounds as well as compounds 
with the composition BiAr 3 Ar 2 ' are readily prepared. Substances with the 
composition BiAr 4 Ar' could probably be prepared by a variation of the 
method, but such compounds have not yet been described. 

BiAr 5 -* BiAr 4 ^Cl -*BiAr 4 Ar (2) 

Ligand scrambling in BiAr 3 Ar 2 ' compounds may occur during the pre¬ 
paration, because Bi(C 6 H 5 ) 5 is known to take up one more phenyl ligand 
reversibly to form hexaarylbismuthates {9,10). 

BiAr 5 + Ar - —► BiAr 6 - (3) 


III 

STRUCTURES OF PENTAARYL BISMUTH COMPOUNDS 

Because all known bismuth pentaaryls are pentacoordinated species, the 
problem of a trigonal bipyramidal versus a square pyrimadal structure 
needs to be redescribed briefly. The ideal trigonal bipyramid can be de¬ 
scribed by one parameter, the ratio of axial and equatorial bond lengths. 
Two parameters are, however, necessary to describe an ideal square pyra- 
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Fig. 1. Definition of trigonal bipyramidal and square pyramidal structures by A = a - f3, 
where a and (3 are the two largest angles within the system. This definition holds so long as C 2v 
symmetry is retained; A = 60°, trigonal bipyramidal; A = 0°, square pyramidal. (Reproduced 
with permission of Verlag Chemie, Weinheim, New York.) 


mid: the ratio of apical and basal bond lengths and one angle (for example, 
the angle between two opposite basal ligands; see Fig. 1). This angle can 
be 180° if the central atom is situated exactly in the basal plane, or larger 
than 180° if the central atom is below the basal plane as in IF 5 (umbrella 
structure). From the viewpoint of electrostatic interactions and the VSEPR 
model, this angle should be approximately 130°, so that the central atom 
lies within the coordination polyhedron. 

Trigonal bipyramidal and square pyramidal structures are interconverti¬ 
ble, for example, via the Berry pseudorotation. The reaction coordinate of 
the pseudorotation may be defined as the difference A = a — where a 
and (3 are the two largest angles within the five-coordinate system (7); 
A = 180° - 120° = 60° identifies an ideal trigonal bipyramid; A = 0° iden¬ 
tifies an ideal square pyramid. With A the deviation from the ideal symme¬ 
try can be measured. This approximation will hold so long as Qv symmetry 
is retained, which qualitatively is the case in all described structures with 
the single exception of Bi(C 6 H 5 ) 3 (C 12 H 8 ), in which deviation from Qv 
symmetry results from the constraints of the chelating ring system. 

Table I (11,12) shows the values of the known bismuth pentaaryls. The 
crystal structures of Bi(C 6 H 5 ) 5 and Bi(4-CH 3 -C 6 H 4 ) 5 are shown in Figs. 2 
and 3. It is obvious that the predominant structure is the square pyramid, 
most values being closer to 0° than to 60°. This is a surprise. In general, the 
trigonal bipyramid is considered the principal geometry of a five- 
coordinated species, certainly based on statistics on the hundreds if not 
thousands of known cases. Trigonal bipyramidal structures are found for 
P(C 6 H 5 ) 5 (A = 55.2°C) (13) and As(C 6 H 5 ) 5 (A = 58°C) (14). The first ex¬ 
ception here is Sb(C 6 H 5 ) 5 , A = 15°C (75), with a structure close to a square 
pyramid. This finding has caused some excitement, particularly because 
the structure is the only square pyramidal one known for antimony. Even 
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TABLE I 


List of Known Bismuth Pent a aryls 


Compound 

Color" 

^max (nm) 

A 

Ref. 

Bi(C 6 H 5 ) 5 

Violet 

532 

13.2° 

5,10 

Bi(4-CH 3 -C 6 H 4 ) 5 

Violet 

521 

26° 

8 

Bi(C 6 H 5 ) 3 (2-F-C 6 H 4 ) 2 

Violet 

480 

19.2° 

12 

Bi(C 6 H 5 ) 3 (4-Cl-C 6 H 4 ) 2 

Violet 

— 

Not known 

6 
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8 
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— 
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7 
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Not known 

7 

Bi(4-F-C 6 H 4 ) 3 (C 6 F 5 ) 2 
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— 

5.1° 

7 


"Color of the solid. 
^In solution. 



Fig. 2. Crystal structure of Bi(C 6 H 5 ) 5 , an almost ideal square pyramid. 
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Fig. 3. Crystal structure of Bi(4-CH-C 6 H 4 ) 5 , a structure about halfway between square 
pyramid and trigonal bipyramid. 


the solvate Sb(C 6 H 5 ) 5 4C 6 H 12 , A = 58° (16), and Sb(4-CH 3 -C 6 H 4 ) 5 , 
A = 48° (17), are trigonal bipyramidal. 

A closer look at the many BiAr 5 structures reveals that phenyl groups 
carrying electron-withdrawing groups will always occupy basal positions, 
and if there are only two such rings, they will have a position opposite to 
each other. The angle between two such phenyl rings is always the largest 
one in the system. If such a system is considered a very distorted trigonal 
bipyramid, the two most electron-withdrawing phenyl rings are occupying 
the axial positions. 

Besides the A values, bond length systematics also favor the description 
as square pyramidal: the apical Bi-C bond is >10 pm shorter than the four 
basal ones. Phenyl groups with fluorine substituents have longer Bi-C 
bonds, 242-244 pm in the case of C 6 F 5 groups. In general, electron with¬ 
drawal should tighten a bond; here, however the bond is already electron 
deficient (Bi 5H_ !), so that the bonds are weakened further. 

Electron-donating groups should then be expected to shorten the 



212 


KONRAD SEPPELT 


Bi-C bonds. The effect of p-methyl substitution is visible and in the ex¬ 
pected direction, but sometimes hardly larger than the accuracy of the 
measurement. 

The most surprising effect is the tendency of p-methyl substitution to 
drive the structures over to the trigonal bipyramidal side. There are now 
three pairs of bismuth compounds to compare, and together with the 
longer known pair of Sb(C 6 H 5 ) 5 and Sb(4-CH 5 -C 6 H 4 ) 5 this seems to be a 
clear but as yet unexplainable effect. 

The structures in solution are certainly dynamic. NMR measurements 
have not revealed any insight about these processes, either because they 
have not been tried or because at very low temperatures concentrations are 
very small. As will be shown in the Section IV, the color can give informa¬ 
tion about structures in solution in special cases. 

Sometimes BiAr 5 compounds crystallize with solvent molecules. 
Bi(C 6 H 5 ) 5 is the most prominent case. From concentrated solutions, neat 
Bi(C 6 H 5 ) 5 crystallizes about 0°C in large, lumpy, violet crystals. From 
dilute solutions at lower temperatures, blue needles of Bi(C 6 H 5 ) 5 • 
tetrahydrofuran are formed. This structure could not be refined because 
of a disorder of the tetrahydrofuran molecule with two phenyl rings, re¬ 
sulting in an approximate octahedral geometry around the Bi atom. Angles 
between opposite basal C atoms are close to 180° (18). 

IV 

COLOR OF PENTAARYL BISMUTH COMPOUNDS 

Visible color for a main group compound in its highest oxidation state is 
a surprising phenomenon. This color is due to a broad absorption, for 
Bi(C 6 H 5 ) 5 at A max = 532 nm, that is also weak, log e = 2.4. The color varies 
from yellow to blue. Longer wavelength absorption resulting in a green 
color is not observed. In the case of orange and yellow colors, the UV 
spectrum shows only a shoulder on the very strong absorption on the 
phenyl rings. The color depends on the substitution and the structure. 
From the previous discussion one must be aware that the substitution also 
guides the structure, so there seems to be a complicated interdependence. 
However, two simple rules can be derived: 

1. Electron-withdrawing groups do not change the structure very much 
away from square pyramidal, but nevertheless result in a hypsochro- 
mic shift. This finding can be explained in terms of a charge-transfer 
absorption from the ligand to the bismuth atom. This charge transfer 
is energetically not favored with electron-withdrawing groups. 
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2. Electron-donating groups, actually so far only the methyl group, 
direct the geometry toward a trigonal bipyramid for unknown rea¬ 
sons, which also results in a hypsochromic shift. 

That the absorption is, in fact, fixed to the square pyramidal geometry is 
proved by two observations: 

1. On well-formed crystals the absorption is dichroic. The color is only 
observed if the electric vector of the light lies within the basal plane of 
the square pyramid, otherwise the crystal is—if pure—colorless! 
(See original photos of oriented crystals in Ref. 11.) 

2. The two compounds, Bi(C 6 H 5 ) 3 (2-F-C 6 H 4 )2 and Bi(4-CH 3 -C 6 H 4 ) 3 - 
(2-F-C 6 H 4 ) 2 , exhibit the same mixed yellow-violet color in solution 
(see Figs. 4-6). On crystallization, the first solid material is violet and 
represents a square pyramid; the second is orange and is a trigonal 
bipyramid. (See original photos of crystals in Ref. 12.) In solution, 
however, both have the same UV spectrum (see Fig. 4). This shows 
the Berry pseudorotation at work. 



400 500 600 700 

Xlnm] -' 


Fig. 4. UV spectra of Bi(C 6 H 5 ) 3 (2-F-C 6 H 4 ) 2 (upper dashed trace) and Bi(4-CH 3 - 
C 6 H 4 ) 3 (2-F-C 6 H 4 ) 2 (lower dashed trace) in solution and their respective solids (#...•) 
(®...®) t Due to the Berry pseudorotation the solution UV spectra are alike. In the solid 
state the first material is violet (square pyramidal) and the second is orange (trigonal 
bipyramidal). (Reproduced with permission of Verlag Chemie, Weinheim, New York.) 
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Fig. 5. Crystal structure of violet Bi(C 6 H 5 ) 3 (2-F-C 6 H4) 2 , an almost ideal square pyra¬ 
mid. (Reproduced with permission of Verlag Chemie, Weinheim, New York.) 


If the empty sixth coordination site of the square pyramid is filled with 
yet another C 6 H 5 ligand as in Bi(C 6 H 5 ) 6 ~, then the absorption also dis¬ 
appears {9,10). 

We have simulated these phenomena with simple ab initio calculation on 
BiH 5 (both trigonal bipyramidal and square pyramidal) and on octahedral 
BiH 6 “ (12). In order to do this it was necessary to include relativistic 
effects into the calculations, because Bi is a very heavy atom. The results 
can be taken from Fig. 7. It is obvious that the highest occupied and lowest 
unoccupied molecular orbital (HOMO-LUMO) separation for C 4v sym¬ 
metry is only about half as large as that for with D 3h or O h symmetries. 
Furthermore, in C 4v symmetry the HOMO is mostly a ligand-centered 
orbital, whereas the LUMO has mostly Bi 6s , 6 p character. The descrip¬ 
tion of a charge transfer from ligand to Bi atom seems to be justified and 
with this the dependence on substitution. It can be shown that it is the 
relativistic correction in the calculation that lowers particularly the Bi s 
and p orbitals {11). Here we see, possibly for the first time, the influence 
of the relativistic correction on an unoccupied orbital: nonrelativistic 
Bi(C 6 H 5 ) 5 —if that were possible—would not be violet. 




Fig. 6. Crystal structure of orange Bi(4-CH3-C 6 H 4 ) 3 (2-F-C 6 H 4 ) 2 , an almost ideal trigo¬ 
nal bipyramid. (Reproduced with permission of Verlag Chemie, Weinheim, New York.) 



Fig. 7. MO diagram for trigonal bipyramidal BiH 5 , square pyramidal BiH 5 , and octa¬ 
hedral BiH 6 ~, from left to right. The small HOMO-LUMO gap in square pyramidal BiH 5 
is a consequence of the lowering of the LUMO by relativistic effects on Bi 6s, 6 p orbitals. 
Graphs indicate qualitatively the nature of the HOMO and LUMO. (Reproduced with 
permission of Verlag Chemie, Weinheim, New York.) 
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The situation in Z) 3h symmetry is only quantitatively different insofar as 
the LUMO has much less Bi 6s, 6p character, and in O h symmetry the 
LUMO of the C 4v symmetry becomes the HOMO. The HOMO-LUMO 
gap is only half as large in C 4v as in Z) 3h symmetry. This agrees well with 
the difference in energy of the absorbed light. The calculation does not 
reveal the preference for BiAr 5 compounds for the square pyramidal struc¬ 
ture. This would indeed need a careful theoretical comparison between 
(P, As, Sb, Bi)Ar 5 materials. But one can again argue in a similar manner: 
relativistic effects and/or the lanthanoid contraction lower particularly the 
Bi 6s orbital, so that for bonding mostly p orbitals are used, which directs 
the geometry more toward the rectangular geometries of a square pyramid. 


IV 

CONCLUSION 

The total behavior of pentaaryl bismuth compounds can be summed up 
as follows: the Bi-C bond is quite nonpolar and in the excited state is 
polarized toward the bismuth atom. In such cases deviations from the 
VSEPR geometries can be expected, because the electrostatic repulsion 
loses the dominance of the ground state geometry. It is also conceivable 
that reactions of BiAr 5 are different than those of pentaaryls of the other 
five main group elements: the Bi-C bond is cleaved according to 
(C 6 H 5 ) 4 Bi _ C 6 H 5 + . That is why the decomposition of Bi(C 6 H 5 ) 5 gives, 
besides Bi(C 6 H 5 ) 3 , benzene, polymers and only a little diphenyl (5), 
whereas Sb(C 6 H 5 ) 5 decomposes cleanly to Sb(C 6 H 5 ) 3 plus diphenyl (4,19). 
Barton has investigated comprehensively the reactions of five valent 
bismuth organic compounds in organic synthesis. Details of this work 
have been summarized (20). The driving force of all these reactions is 
the reduction of Bi(V) to Bi(III), thus (C 6 H 5 ) 3 BiCl 2 , (C 6 H 5 ) 3 BiC0 3 , 
Bi(C 6 H 5 ) 5 , (C 6 H 5 ) 4 Bi-0-C0-CF 3 , and (C 6 H 5 ) 3 BiCl-0-BiCl(C 6 H 5 ) 3 
are oxidizers. Secondary alcohols are oxidized to ketones and 1,2-glycols 
are cleaved. These materials serve also as O-phenylating and C- 
phenylating agents. The latter reaction is particularly of importance 
(21,22). The overall reaction, if Bi(C 6 H 5 ) 5 is used, is as follows: 

~C—H + BiAr 5 —* —Ar + BiAr 3 + ArH (4) 

Particularly ketones, enols, and phenols are phenylated. Without going 
into the details of the mechanism (20), it is obvious that these bismuth 
compounds act as a rare case of electrophilic arylating agents, which again 
is a consequence of the special Bi-C bond system. 
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Finally, it may be said that the excited state of BiAr 5 resembles the co¬ 
ordination of three-valent bismuth (for example, in BiCl 5 2_ ), and the 
intramolecular redox process (charge transfer) resembles somewhat the 
electronic and vibrational exchanges in simple Bi oxide superconductors 
as in KB^Pbj^C^, which can be thought of an “intermolecular” Bi rlI -Bi v 
redox process coupled with a square pyramidal/octahedral vibrational 
transition. It is certainly not accidental that a vast number of the modern 
high-T c superconductors have the square pyramid as one of their structu¬ 
ral principles. 

An extension of this chemistry to other central atoms is presently not 
easy to see. As already described, the faint yellow color of square pyrami¬ 
dal Sb(C 6 H 5 ) 5 may develop because of similar chemistry, although so far no 
dichroism has been detected. The next neighbor, Po, would be expected to 
have a very exciting chemistry if only it were not radioactive and did not 
have a short half-life. 
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INTRODUCTION 

Homogeneous catalysis provides mild and selective routes to a variety of 
valuable chemicals from basic organic precursors. An important advantage 
over heterogeneous systems is that selectivity is achieved by a modulation 
of the coordination sphere of the metal. However, a recurrent problem is 
the separation of the organic products from the active catalyst. Supported 
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catalysts have long been shown to combine the advantages of homo¬ 
geneous and heterogeneous systems. Their performances are, however, 
diminished by losses of the metal in solution, thereby preventing any appli¬ 
cation in commercially viable processes. A more attrative approach has 
been made using water-soluble ligands that are poorly soluble in or¬ 
ganic media, allowing the catalysis to be carried out in a two-phase system. 
Catalyst recovery is thus easily achieved by decantation and separation 
of the two phases. In addition, catalysis in completely aqueous media is a 
good way to decrease the toxicity inherent to organic solvents and to mod¬ 
ify the kinetics and the stereoselectivities of several reactions. Two re¬ 
views have appeared on the synthesis of water-soluble phosphines and their 
complexes, with potential applications in catalysis {1,2). The last one was 
published in 1987. To the best of our knowledge, no review has appeared 
more recently, though a short report in 1989 was partially devoted to 
this topic (3). Thus the present review deals with the preparation of water- 
soluble ligands and their use in the synthesis of water-soluble complexes 
as well as in catalysis. 


PREPARATION OF THE LIGANDS AND THEIR 
TRANSITION METAL COMPLEXES 

A. Preparation of the ligands 

Various methods have been developed to prepare water-soluble ligands. 
Most of them involve phosphorus-containing ligands. 

1. Phosphine Ligands 

Because numerous complexes with the metal in a low oxidation state are 
stabilized by phosphorus-containing ligands, it comes as no surprise that 
much has been done to tailor these ligands with appropriate substituents, 
including carboxylic, amino, hydroxy, and sulfonate functions, which in¬ 
duce solubilization in water. 

a. Sulfonated Phosphines. The first ligand of this type was prepared in 
1958 by Chatt and his group {4) by addition of diluted oleum (20% 
S0 3 -H 2 S0 4 ) to triphenylphosphine. Under the reported conditions, the 
monosulfonated ligand, Ph2P(m-C 6 H 4 S0 3 Na), L 1 , was obtained after 
neutralization with sodium hydroxide. 
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Several years later, Kuntz showed that careful control of the reaction 
conditions afforded the trisubstituted ligand, P(ra-C 6 H 4 S0 3 Na) 3 , L 3 , 
although it was obtained with the mono- and disulfonated ligands as well as 
with significant amounts of the corresponding oxides (5). Because of the 
high performance of the highly water-soluble tris(sodium m-sulfonato- 
phenyl)phosphine in catalysis (vide infra), it was found of interest to devise 
high-yield preparative routes. It was shown that the amounts of mono- and 
disubstitued phosphines can be minimized by increasing the S0 3 : triphenyl- 
phosphine molar ratio, provided an oleum with 33% S0 3 in H 2 S0 4 is used. 
A decrease in the reaction temperature reduces the amount of oxides (6). 

After sulfonation, hydrolysis of the reaction mixture is a key point 
because large amounts of 0P(m-C 6 H 4 S0 3 H) 3 and even SP(m- 
C 6 H 4 S0 3 H) 3 can be produced. Hydrolysis in very acidic solutions (where 
the sulfuric acid normality is maintained at least at 12 N) reduced signi¬ 
ficantly the by-products (7). Separation of sulfuric acid from the P (m- 
C 6 H 4 S0 3 H) 3 ligand by liquid-liquid extraction was shown to be a further 
improvement, giving rise after neutralization to a P(m-C 6 H 4 S0 3 Na) 3 
ligand of good quality for catalysis purposes (S). This preparation induces 
substitution in the meta position. However, the S0 3 group can be intro¬ 
duced in the para position by reacting ClPPh 2 , for example, with p- 
ClC 6 H 4 S0 3 Na in the presence of sodium or potassium to prepare Ph 2 P(p- 
C 6 H 4 S0 3 Na) (9). 

Whereas current methods of preparing polydentate phosphines usually 
involve sequential introduction of individual phosphine units into a precur¬ 
sor [either by displacement of halides or tosylates by diphenylphosphide 
ion, or by direct addition of diphenylphosphine to activated olefins (10)] 9 
Whitesides and co-workers (11,12) developed a new method in which the 
diphosphine moiety 1 is prepared in situ as an intermediate according to 
Eq. (1). 


Cl' h 2 n 



Cl 

Cl 


+ 


2 HPPh 2 


1) KO-t-Bu, THF, reflux, 16 h 

2) HC1 2N * 


Cf h 2 n 


PPh 2 


PPh 2 


1 yield - 90 % 

(i) 

This compound was then acylated with acid chlorides such as trimellitic 
anhydride acid chloride 2, tricarballytic anhydride acid chloride 3, or ethyl 
oxalyl chloride 4 according to Scheme 1. Further reaction with sodium 
taurinate, i.e., H 2 NCH 2 CH 2 S0 3 Na, gave the derivatives 6, 7, and 8, which 
are diphosphine ligands bearing sulfonate group on a side chain. It is also 
possible to condense 1 with a sulfobenzoic anhydride such as 5 to obtain 9. 
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o 



1 9 

Scheme 1. Synthesis of sulfonated diphosphines via the Whitesides procedure (11,12). 
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The sulfoalkylation of tris(2-pyridyl)phosphine has been proposed as a 
new method to bind sulfonate groups to a phosphine. It takes place at mild 
temperatures with miscellaneous alkyl-1,2-sulfones, which react only with 
the nitrogen atoms according to Eq. (2) (i3). 




A number of interesting studies have provided insight into the properties 
of the sulfonated monophosphine ligands and have investigated their re¬ 
activity. The L 1 ligand is slightly soluble in water (80 g liter -1 ) whereas 
L 3 reaches 1100 g liter -1 solubility (14), thus giving very concentrated 
aqueous solutions. 

Larpent and Patin have been interested in determining the basicity of 
P(m-C 6 H 4 S0 3 Na) 3 (15). By measuring the 31 P chemical shift of the oxide 
and using the Derencsenyi’s relationship (16) between phosphine basicity 
and the 31 P NMR chemical shift of the corresponding oxide, they found a 
pK a value of 3.2 ± 0.2, very close to that of PPh 3 (2.85). By comparison of 
the v co stretching frequencies in complexes of type M(CO) 5 L, they also 
concluded that the two ligands have roughly the same basicities. However, 
the oxidized ligand OL 3 is easily formed in the presence of metal salts. 
Indeed, even in the absence of oxygen, water can act as an oxidizing agent 
for the ligand, giving the metal salt in its reduced form. For instance, it was 
shown (17,18) that RhCl 3 *3H 2 0 affords rhodium(I) complexes coordin¬ 
ated by tris(sodium m-sulfonatophenyl)phosphine, [RhCl(L 3 ) 3 ], and 
[RhCl(L 3 ) 2 ] 2 together with OL 3 formed by an oxygen transfer from a 
hydroxyrhodium(III) intermediate species formulated as [RhCl 2 (OH)- 
(L 3 )]. In addition, when oxygen is present, the ligand is catalytically trans¬ 
formed into the corresponding oxide (18). 

31 P NMR spectroscopy is an attractive tool to follow the reactions and to 
characterize the complexes (vide infra). The chemical shifts of the mono- 
and trisulfonated triphenylphosphine ligands as well as their oxides are 
listed in Table I (19,20), which shows that the chemical shifts of the ligands 
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TABLE I 

31 PNMR Data for PPh 2 (m-C 6 H 4 S0 3 Na) and P(m-C 6 H 4 S0 3 Na) 3 
Ligands and Their Oxides* 


Ligand 

S (ppm) 

Temperature 

Ref. 

PPh 2 (m-C 6 H 4 S0 3 Na) 

-5.8 

Room temp. 

19 

P(m-C 6 H 4 S0 3 Na) 3 

-5.3 

5°C 

20 

0PPh 2 (m-C 6 H 4 S0 3 Na) 

33.4 

Room temp. 

19 

0P(m-C 6 H 4 S0 3 Na) 

34.8 

Room temp. 

20 


a NMR spectra were recorded in D 2 0 (H 3 P0 4 as external standard). 


and their oxides are, respectively, found in individual ranges. Sinou and 
co-workers have proposed a new method to separate and analyze mixtures 
of sulfonated phosphines (21,22). Indeed, they have shown that this prob¬ 
lem can be solved by using reversed-phase ion-pair chromatography with 
SAS silica as the stationary phase, a quaternary ammonium salt (usually 
hexadecyl trimethylammonium bromide) as the counterion, and water /n- 
propanol (5/2) as the eluent. Under these conditions, the sulfonated phos¬ 
phine ligands are eluted after the corresponding phosphine oxides, and the 
retention times increase with the number of sulfonic groups in the mole¬ 
cule. Chromatography of mixtures at intervals allowed the authors to 
determine the kinetics of the sulfonation reaction of several diphosphines 
(23). 

Concerning the reactivity of the ligands under investigation, a few stu¬ 
dies have been carried out. Patin and co-workers have shown that the 
mono- and trisulfonated ligands can be involved in nucleophilic additions 
to activated alkenes and alkynes to afford alkyl- or vinylphosphonium salts 
(24-27). Similarly, a-bromoketones have been quantitatively debromin- 
ated by monosulfonated triphenylphosphine (19). 

b. Aminated Phosphine Ligands. Phosphines for which solubility in 
water is achieved by quaternary amines as functional groups are also of 
interest. They are generally obtained through the synthesis of nitrogen- 
containing phosphine ligands followed by quaternization. According to the 
general preparative procedure for tertiary aminophosphines (28), chlor- 
ophosphines and phosphides are essential precursors. 

Aminoalkyl- and aminoarylphosphines have been prepared by treating 
chlorodialkyl- or chlorodiarylphosphines with Grignard reagents derived 
from o>-bromoamines according to Eq. (3) (29), or with a dimethylaminoal- 
kyl (or aryl) lithium compound as summarized in Eq. (4) (30-32). 
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R 2 PC1 + Me 2 N MgBr 


R' 2 (H)C NMe 2 


1) BuLi/Et p 


2) R 2 PC1 



"MgClBr” 


r 2 (PR 


NMe, 


(3) 

(4) 


Alternative preparations involve direct attack by a chlorophenylphosphine 
on a secondary amine in the presence of triethylamine, as exemplified in 
Eq. (5) (33,34). 


PhPCl 2 + MeNHCH(Me)Ph Et2 ° /NEt3 > PhP(N(Me)CH(Me)Ph) 2 (5) 

Another way to prepare these mixed nitrogen- and phosphorus-containing 
ligands is to react the appropriate phenylphosphorus Grignard reagent 
with the corresponding haloalkylamine (35-37), for example, as in Eq. 
( 6 ). 

PhP(MgBr) 2 + Et 2 NCH 2 CH 2 Br—» PhP(CH 2 CH 2 NEt 2 ) 2 (6) 

Similarly, condensation of a lithium diarylphosphine with an w-haloamine 
gives the expected aminodiarylphosphine [see Eq. (7)] (38-41). Secondary 
phosphines can also be accessed by reacting NaPH 2 with a 2-chloro- 
ethylamine according to Eq. (8) (42). Instead of lithium salts, it is possible 
to use potassium phosphides as starting materials; these can be prepared 
in situ by the addition of potassium f-butoxide (12,43-45). The latter salts 
can be directly condensed with ethyleneimine to afford, after hydrolysis, 
the desired 2-aminoethylphosphine (46). 


Ph PLi + X 
2 


NaPH 2 + C1CH 2 CH 2 NRR' 


NaP(H)CH 2 CH 2 NRR' 


— NaCl 
R”X 


Ph 2 P 


H 2 PCH 2 CH 2 NRR' 


NR, 

2 

Na/NH 3 


+ LiX 


R"P(H)CH 2 CH 2 NRR' 


(7) 

( 8 ) 


Another strategy consists in the direct reaction of PH 3 or primary and 
secondary phosphines with an unsaturated amine (47-49). These reactions 
follow either a free radical pathway or a Michael mechanism. Thus 
cyanoethylphosphines can be prepared by adding acrylonitrile to phos¬ 
phines as in Eq. (9). 

R 2 PH + H 2 C=C(H)CN^ r 2 pch 2 ch 2 cn (9) 

If the ligands present have several donating sites, then bidentate or 
polydentate compounds are preferred over monodentate ones. Hence, 
quaternization of the nitrogen atom is required before the ligands are 
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coordinated to the metal center (50). It has been shown that quaternization 
of a tertiary amine group is not achieved when the aminophosphine reacts 
with an alkylhalide (29,35), because only the phosphonium salt is 
obtained. Nevertheless, Kolodny et al. (39) have been able to protonate 
selectively the nitrogen site of R 2 NC 2 H 4 PPh 2 with anhydrous hydrogen 
halide. 

The selectivity of this quaternization reaction is uncertain. Indeed, 
Smith et al. reported that simple alkylation of free Me 2 NC 2 H 4 PPh 2 occurs 
only at the phosphorus atom (50), whereas it was subsequently recognized 
that reaction of the species R 2 N-(X)-PPh 2 with HC1 or ICH 3 yields a 
mixture of phosphonium and ammonium salts (41). This is the reason why 
several researchers currently protect the phosphorus function before quater- 
nizing the ligand. Thus the phosphine oxide may be prepared either by 
bromination followed by hydrolysis (41), or more often by reaction with 
hydrogen peroxide (40) followed by reduction with trichlorosilane after 
complete alkylation of the nitrogen atom (40,41,51). An alternative proce¬ 
dure is to coordinate the phosphosphorus atom to a metal center, then to 
alkylate the nitrogen atom with the powerful alkylating agent trimethylox- 
onium tetrafluoroborate (50,52,53). 


c. Phosphines Involving Hydroxyl or Ether as a Functional 
Group. Condensation of a primary or secondary alkyl- or arylphosphine 
with ketones or aldehydes in the presence of hydrochloric acid affords 
hydroxyalkylphosphines by repeated addition of a carbocation to the phos¬ 
phine, followed by elimination of HC1 from the phosphonium salt being 
obtained (54-60). The reaction can also be performed starting from PH 3 . 
Due to the variable electrophilicity of the hydroxyalkyl groups and their 
different steric properties, various degrees of alkylation can be achieved. 
The nature, particularly the basicity, of the solvents plays an important 
role. For instance, the tetraalkylated phosphonium salt can be obtained in 
water. 

Addition of a phosphide salt to an oxirane, or more generally to a cyclic 
ether, provides, after hydrolysis, the corresponding hydroxyalkylphos- 
phine, as shown in Eqs. (10) and (11) (61-63). 

h 9 o 

LiPR 2 + CH 2 -CH 2 -► LiOCH 2 CH 2 PR 2 —► HOCH 2 CH 1 ,PR 1 + LiOH 

^ </ ( 10 ) 


2 KPPh 2 + C1CH 2 - 


CH- 


CH 0 


H ? Q , 


\ / 
o 


Ph 0 PCH~CH(OH)CH 7 PPh~ 


KOH 


( 11 ) 



Water-Soluble Ligands in Homogeneous Catalysis 


227 


o 



Scheme 2. Synthesis of water-soluble ligands containing poly(ether) chains. 


Like the previously described cyanoethylation, the free radical addition 
of unsaturated alcohols across the P-H bond allows synthesis of hydroxy- 
substituted alkylphosphines (58). Halophosphines react with Grignard rea¬ 
gents, formed from magnesium and various halopoly(ethers) (64). Reac¬ 
tion of bis(2-diphenylphosphinoethyl)amine 1 with acid chlorides or 
anhydrides that contain poly (ethyleneglycol), poly (ether), or poly(hy- 
droxyalkyl) moieties gives the functionalized ligands shown in Scheme 2 
(12,44). 


d. Carboxylated Phosphine Ligands. Condensation of a phosphido salt 
with an a>-haloester or o>-halocarboxylate leads to the corresponding ay- 
phosphinoesters or acids (65,66). Similarly, secondary phosphines react 
directly with a>-bromoesters to yield the o>-phosphinoesters (67,68). An 
indirect procedure has been used to prepare the tris(acetoxymethyl)phos- 
phine ligand by acetylation of tetrakis(hydroxymethyl)phosphonium chlor¬ 
ide with acetic anhydride, followed by cleavage with sodium hydroxide, 
according to Eq. (12) (69). 
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[(HOCH 2 ) 4 P]CI 


Ac 2 0 


h 2 so 4 /ch 3 cooh 


[(CH 3 COOCH 2 ) 4 P]Cl 


(CH 3 COOCH 2 ) 3 P (12) 


Moreover, alkaline hydrolysis of cyanoethylphosphines (vide supra) yields 
the corresponding carboxyethylphosphines (48,49, 70). Finally, as shown in 
Scheme 3, the bis(2-diphenylphosphinoethyl)amine 1 appears to be a very 
useful starting material for the preparation of carboxylic diphosphines 
13-15 using compound 2 and camphoric as well as succinic anhydrides 
(11,12,44). 


e. Chiral Ligands. A number of chiral phosphine ligands have been 
identified as reagents that achieve asymmetrical induction in catalysis. 
Most of them are sulfonated. Two main preparative routes have been 
reported in the literature. They require either the introduction of a 
polar functional group into a chiral diphosphine or the binding of a chiral 
moiety to a diphosphine ligand. Most studies have been carried out on 
2-(diphenylphosphinomethyl)-4-(diphenylphosphino)pyrrolidine 16 and 
2,3-CMsopropylidene-2,3~dihydroxy-l,4-bis(diphenylphosphino)butane 17 
(DIOP). 



15 

Scheme 3. Preparation of water-soluble ligands containing carboxylate groups. 
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Ph 2 p 



16 


> 

Ph 2 p 


PPh 2 


H 



pph 2 

pp h 2 


DIOP 

17 



Chiraphos 

18 


Prophos 

19 



Skewphos 

20 


H 



H 

Cyclobutanediop 

2 1 


Ligand 16 can be functionalized by acylation of the N-H bond with 
trimellitic anhydride acid chloride 2, followed by a treatment with sodium 
hydroxide or sodium taurinate to give 22 and 23 according to Scheme 4 
{71). Several reported routes to water-soluble derivatives of the DIOP 
ligand are summarized in Schemes 5 and 6. Condensation of ( R , i?)-l,4-di- 
0-tosylthreitol with p-cyanobenzaldehyde gives an intermediate tosylate, 
which is then substituted by diphenylphosphide and subsequently func¬ 
tionalized according to the Whitesides procedure (12) to give the two 
ligands 24 and 25 (72). The same precursor has been condensed with a 
poly (ether) to afford the poly(oxadiphosphine) 26 of Scheme 5 (73). A 
similar poly(oxadiphosphine) has been also prepared from ( R )- 
isopropylideneglycerol (73,74). 

Although the ligands (5, S)-chiraphos 18, (ft)-prophos 19, skewphos 20, 
and (S, S)-cyclobutanediop 21 have been successfully sulfonated in an 
oleum containing 20% S0 3 by a procedure quite similar to that described 
for triphenylphosphine (75-78), the DIOP ligand with its acetal ring is too 
sensitive to be subject to reaction with oleum (53). 
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Scheme 5. Introduction of water-soluble moieties in (/?,/?),!,4-di-O-tosylthreitol. 
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Scheme 6. Amination and quaternization of DIOP 17. 

Moreover, it is also possible to bind a diphosphine moiety to a chiral 
arrangement as exemplified by the use of a protein rest (79) according to 
Eq. (13). 



Similarly, chiral amines may be used to prepare bis(aminophosphines) 
R*N(PPh 2 )CH 2 CH 2 (PPh 2 )NR*, as shown in Eq. (14) (80). 

2R*NH 2 + EtOOCCOOEt —» R'NHCOCONHR* UA ' H, > 

™ F (14) 

R*NHCH 2 CH 2 NHR* P - ;PX |^° CI,Br)> R*N(PPh 2 )CH 2 CH 2 N(PPh 2 )R* 
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where R* = S(-)-a-methylbenzyl-(-)-menthyl. Finally, in order to en¬ 
hance the induction effect in catalysis, ferrocenylphosphines have been 
prepared according to the previously described procedures (31,32,81,82). 


2. Nitrogen-Containing Ligands 


The literature relating the preparation of ligands that do not contain a 
phosphorus atom is relatively scarce and is only concerned with amines. 
The principal studies deal with the bipyridine ligand. The first sulfonic acid 
derivatives of 2,2'~bipyridine were obtained from direct reaction of 2,2'- 
bipyridine with sulfuric acid at a temperature as high as 300°C (82), or from 
the thermolysis of the 1:1 bipy-S0 3 adduct (85). A mixture of mono- and 
disulfonated acids was obtained. Anderson et al. have reinvestigated this 
reaction and have confirmed that temperatures higher than 200°C are 
required to yield the derivative monosubstituted in the 5-position or the 
disubstitued (5,5'-position) one (84,85). For instance, 2,2'-bipyridine was 
treated for 24 hours with oleum in the presence of a small amount of 
mercuric sulfate to give either 28 at 220°C, or a mixture of both ligands, 28 
and 29 at 290°C. More recently, Herrmann et al. have prepared com¬ 
pound 28 on a larger scale and with improved yield (86). 

Substitution in the 4-position of the pyridine ring has been achieved by 
indirect routes. Indeed, after protection of nitrogen atoms by oxidation, 
the 4- and 4'-positions are sequentially substituted by N0 2 , Cl, and S0 3 H 
groups to. give the ligand 30 (85). By a coupling of ^picoline, the 4,4'- 
dimethylbipyridine was obtained; its oxidation by KMn0 4 provides the 
2,2'-bipyridine-4,4'-dicarboxylic acid 31 (85,87). 



In addition to these water-soluble substituted bipyridine ligands, 
ethylenediamine N,N,N',N '-tetraacetic acid (EDTA) is one of the most 
commonly used ligands. EDTA or its ^-propionic acid analog is readily 
prepared by condensing ethylenediamine with either chloroacetic or chloro- 
propionic acid in alkaline solution according to Eq. (15) (88). Similar 
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treatment of aniline with sodium chloroacetate is a good method to pre¬ 
pare aniline yV,A/-diacetic acid (89). 

H 2 NCH 2 CH 2 NH 2 + 4ClCH 2 COOH —► (HOOCCH 2 ) 2 NCH 2 CH 2 N(CH 2 COOH) 2 (15) 

EDTA 

Some other nitrogen-containing ligands, including 12,6-diacetylpyridine 
bis(semicarbazone) ligand (90) or the tetrasulfophthalocyanine ligand (91), 
have been designed to solubilize their corresponding metal complexes in 
water but have not yet been used in catalysis. 


B. Transition Metal Complexes 

Numerous papers describe complexes obtained in situ by addition of the 
ligand to a metal precursor; these complexes have been considered by their 
discoverers to be analogous to the nonfunctionalized ligand-containing 
complexes. The following discussion will be devoted only to well- 
characterized isolated compounds. 

1. Complexes with Phosphine Ligands 

a. Sulfonated Phosphines. The syntheses of complexes containing sul- 
fonated phosphines involve either substitution of labile ligands such as CO, 
cyclooctadiene (COD), PPh 3 , or coordinated solvents (tetrahydrofuran, 
for instance) by the water-soluble ligand or by reaction with the metal salt, 
eventually in the presence of additional reagents acting as ligands and/or 
reducing agents. Moreover, the first method can be applied either by 
contacting the organic phase containing the parent complex with the sul¬ 
fonated ligand dissolved in water, or by mixing the complex and the ligand 
of interest in a solvent in which both are soluble (92). Due to the high 
solubility of the complexes in water, their purification, in particular their 
separation from free ligand, has long been a tedious problem. The most 
elegant purification procedure has been that of Anderson et al. (85), who 
used gel-permeation chromatography, a procedure extensively further de¬ 
veloped by Herrmann et al. (20,93). 

Almost all the complexes fully described and characterized in the litera¬ 
ture are based on sodium m-sulfonatophenyldiphenylphosphine L 1 
and tris(sodium m-sulfonatophenyl)phosphine L 3 ligands. Most of the 
complexes contain ruthenium, rhodium, or more generally noble metals. 
The infrared data of interest [Tables II (94-96) and III (97)] are often 
compared with those of the parent triphenylphosphine complexes. Similar¬ 
ly, the 31 P NMR data are listed on Table IV (98). The 31 P NMR data and 
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TABLE II 


IR Spectral Data for Complexes with L 1 and PPh/ 


Complex 

v co 

^M-CI 

^M-H 

Ref. 

RhCl(L l ) 3 


285* (298) 


92 

RhCl(COD)(L') 


280* 


92 

RhCl(CO)(L‘) 2 

1980 (1960) 



1 

HRh(CO)(L’) 3 

mo* (1918) 


2000*(2041) 

92 (96) 

RhH 2 Cl(L ] ) 3 



2050* (2065) 
2090* (2099) 

1 

//■fl/w-RuCl 2 (CO)2(L 1 )2 

2005 



94 

cw-RuC1 2 (CO) 2 (L') 2 

2000" 



95 


2060" 




HRuC1(L') 3 


275* (282) 

2025*(2020) 

92 

HRu(OAc)(L') 3 

HRuC1(CO)(L’) 3 



1996* 

94 

1900* (1903) 
1970* (1922) 


2060* (2020) 

94 (96) 


c«-HRuC1(CO) 2 (L 1 ) 2 

1997" 


1940* 

94 


2060" 




IrCl(CO)(L‘) 2 

1960 (1961) 



1 

Ir(0 2 )Cl(CO)(L’) 2 

2010 (2010) 



1 

HPt(L*) 3 Cl 



2095* (2102) 

92 

PdCl 2 (L‘) 2 


350* (357) 


92 


a Values given in cm - ’ 1 . L 1 , PPh 2 (m-C 6 H 4 S0 3 Na). Values in parentheses are those found 
for the analogous PPh 3 -containing compounds. 
fc In Nujol. 

"In KBr. 


the spectroscopic data for ligands such as CO, H, and Cl show that the 
sulfonated phosphine and triphenylphosphine complexes display very close 
properties, reflecting only minor changes in the electronic and steric be¬ 
havior of the ligands in the various metal compounds. Thus, the electron- 
withdrawing sulfonate group in a meta position on the phenyl ring only 
slightly modifies the basicity of the parent ligand. Because the counterion 
of the sulfonate group is Na + , the two ligands involved in the complexes 
are generally L 1 = Ph 2 P(ra-C 6 H 4 S0 3 Na) and L 3 = P(ra“C 6 H 4 S0 3 Na) 3 . Ex¬ 
ceptions include the zwitterionic complex Pt + H(L 1 )2(Ph 2 PC 6 H 4 S0 3 ~) and 
the neutral species [C 8 H 12 Rh(Ph 2 PC 6 H4S0 3 )]2 prepared by Borowski et al. 
(92). The latter complex includes an oxygen-rhodium crbond as shown in 
Scheme 7. Likewise, the complex Ag(L 3 ) 3 contains eight rather than nine 
Na + cations, the ninth positive charge being provided by Ag + {20). 

It is noteworthy that all these ionic species exist in hydrated forms, 
although this feature is not specified in the formulas listed in Tables II-IV. 
The reason is that the elemental analyses are generally not sufficiently 
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TABLE III 


IR Spectral Data for Complexes and Clusters with L 3 or PPh 3 fl 


Complexes 

v co (cm -1 ; KBr) for L = L 3 

v co (cm l ; KBr) for L = PPh 3 

Ref. 

Fe(CO)„(L) 

2050 (w) 1977 (w) 1944 (vs) 

2050 (w) 1978 (w) 1944 (s) 

93 

CoH(CO)(L) 3 

1904 (vs) 

1910 

93 

RhCl(CO)(L) 2 

1980 (vs) 

1960 

93 

[Rh(M-Cl)(CO)(L)] 2 

1986 (vs) 

1983* 

93 

Ni(CO) 2 (L) 2 

2008 (s) 1944 (s) 

2000 c 1941 c 

93 



2000 rf 1955^ 

93 

IrH(CO)(L) 3 

1927 (m) 

1918 

93 

IrCl(CO)(L) 3 

2005 (m) 1963 (m) 


93 

Ru 3 (CO)„(L) 3 

2053 (m) 1992 (m) 1973 (s) 

2044 (m) 1978 (m) 1967 (s) 

97 

Ru 3 (CO)„(L) 

2080 (sm) 2030 (ms) 2005 (sh) 

2072 (sm) 2047 (sm) 2019 (s) 

97 


1990 (vs) 

1996 (vs) 


Ru 3 (CO) 10 (L) 2 

2100 (sm) 2050 (ms) 2025 (s) 

2098 (m) 2046 (s) 2038 (sh) 

97 


2010 (sh) 2000 (sh) 1982 (m,br) 

2024 (sh) 2015 (vs) 1985 (sm) 


Os 3 (CO) 10 (L) 2 

2075 (sm) 2020 (s) 1992 (vs) 

2088 (sm) 2035 (s) 2002 (vs) 

97 


1965 (s) 1940 (sh) 

1963 (s) 1946 (m) 1935 (sh) 


Ir 4 (CO) 9 (L) 3 

2049 (m) 2012 (s) 1985 (vs) 

2042 (ms) 2015 (sh) 1982 (vs) 

97 


1790 (vs) 1784 (sh) 

1772 (vs) 



fl L 3 ,P(m-C 6 H 4 S0 3 -Na + )3. 
6 In CHC1 3 . 
c In Toluene. 

^In Nujol. 


precise to ascertain the number of water molecules. Borowski et al. (92) 
and Herrmann et al. (20,93) stated that one S0 3 Na group contains one 
molecule of water, but Salvesen and Bjerrum reported that the L 1 ligand 
contains two molecules of H 2 0 bound strongly enough to resist loss on 
heating at 400°C (99). In the ruthenium complexes synthesized by Toth 
et al ., an L 1 ligand contains two equivalents of water (94). Although the 
number of water molecules per sulfonate group cannot be ascertained, 
Borowski et al. (92) have observed that the infrared spectra may indicate 
the presence or absence of water in the complex. Indeed, the hydrated 
form shows a strong band at 1200 cm" 1 whereas the nonhydrated form 
presents two absorptions at 1223 and 1192 cm" 1 , due to the interaction 
between the sodium cation and the sulfonate group, leading to the per¬ 
turbation of the C 3v symmetry of S0 3 ~. 

In other respects, the tris(sodium ra-sulfonatophenyl)phosphine com¬ 
plexes generally present lower coordination numbers than do their 
triphenylphosphine analogs. Thus, the complexes [RuCl 2 (PPh 3 ) 4 ], 
[Ni(PPh 3 ) 4 ], and [Pd(PPh 3 ) 4 ] afford the undercoordinated species 






TABLE IV 


31 P NMR Data for Some Metal Complexes with L 1 and L 3 Measured in Water 0 


Complexes 

Temperature 

(°C) 

S (ppm)* 

/m-p(Hz)* 

Ref. 

RhCKL'b 

28 

SP A C = 50.9 (48.9) 

J(Rh, P A ) C = 210 (192) 

92 



SP B " = 32.9 (32.2) 

J(Rh, P B ) C = 139 (146) 


RhH 2 Cl(L‘)3 

28 

SP A C = 24.0 (20.7) 

J(Rh, P A ) C = 96 (90) 

92 



SP B C = 37.2 (40.3) 

J(Rh, P B ) C = 104 (114) 


RuHClfL 1 )-, 

28 

49.8 (59.0) 


92 

[PtH(L‘) 3 ]Cl 

28 

SP A - 21.8 

J(Pt, P A ) C = 2205 

92 



6P B C = 21.0 

J(Pt, P B ) C = 2812 


Fe(CO) 4 (L 3 ) 

5 

84.9 


93 

CoH(CO)(L 3 ) 

5 

45.9 


93 

Co 2 (CO) 4 (^i-alcyne)(L 3 ) 2 

5 

51.8 


93 

Rh(NO)(L 3 ) 3 

5 

48.4 (48.8) 

177 (175) 

93 

RhCl(L 3 ) 3 

5 

52.8 

J(Rh, P A ) = 196 

98 



34.6 

J(Rh, P B ) = 144 





2 J(Pa,Pb) = 41 


Rh(OH)(L 3 ) 3 

21 

53.6 

J(Rh, P A ) = 195 

98 



35.2 

J(Rh, P B ) = 144 





2 J(P a> P b ) = 41 


Rh 2 ( M -Cl) 2 (COD)(L 3 ) 2 

5 

129 

146 

98 

RhH(CO)(L 3 ) 3 

5 

44.4 

156 

98 

r/ww-Rh(OH)(CO)(L 3 ) 2 

21 

31.8 

129 

98 

mzns-RhCl(CO)(L 3 ) 2 

5 

31.3 

128 

98 

[Rh( M -OH)(L 3 ) 2 ] 2 

21 

58.9 

203 

98 

[Rh( M -Cl)(CO)(L 3 )] 2 

5 

48.2 

180 

93 

(Rh(^-S-(-Bu)(CO)(L 3 )] 2 


37.7 

152 

149 

IrCl(CO)(L 3 ) 3 

5 

-2.8 


93 

IrH(CO)(L 3 ) 3 

5 

19.2 


93 

IrCl(T) 4 -l,5-COD)(L 3 ) 2 

5 

19.0 


93 

Ni(CO) 2 (L 3 ) 2 

5 

34.9 (32.7) 


93 

Ni(L 3 ) 3 

-30 / 

22.7 (23.0) 


93 

Pd(L 3 ) 3 

5 

22.6 (22.6) 


93 

Pt(L 3 ) 4 

5 

SP A d = 24.1 

J(Pt, P A ) d = 2210 

93 


5 

6P b ^ - 22.2 

J(Pt, P B ) d = 2853 



5 


2 J(Pa,Pb)^ = 20 


cis-PtCI 2 (L 3 ) 2 

5 

13.9 (13.9) 

3727 (3678) 

93 

Wa«-PtCl 2 (L 3 ) 2 

5 

21.7 (18.4) 

2597 (2595) 

93 

RuC1 2 (L 3 ) 2 

5 

57.0 


93 

Ru(NO) 2 (L 3 ) 2 

5 

56.0 (56.0) 


93 

Ru 3 (CO) 9 (L 3 )3 

Room temp. 

38.7 


97 

Ru,(CO) n (L 3 ) 

Room temp. 

37.9 


97 

Ru 3 (CO) i0 (L 3 ) 2 

Room temp. 

35.4 


97 

Os 3 (CO)io(L 3 ) 2 

Room temp. 

-2.3 


97 

Ir 4 (CO) 9 (L 3 ) 3 

Room temp. 

§P A e = -15.0 (-17.0) 


97 



5P b ' = 21.3 (20.0) 




°L l , PPh 2 (m-C 6 H 4 S0 3 Na); L 3 , P(m-C 6 H 4 S0 3 Na) 3 . 

b Values in parentheses are those for the corresponding PPh r containing compounds. 

C P A is the unique phosphorus atom; the P B are the two equivalent mutually trans phosphorus atoms. 
d P A is the unique phosphorus atom; the P B are the three equivalent phosphorus atoms. 

C P A is the phosphorus atom in an axial position; the P B are the two phosphorus atoms in a radial 
configuration. 

fixture of ethanol/water. 
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[RuC 1 2 (L 3 ) 2 ], [Ni(L 3 ) 3 ], and [Pd(L 3 ) 3 ], respectively (20,93). It has been 
previously emphasized that the steric requirements of PPh 3 and L 1 or L 3 
are similar (vide supra). These lower numbers of ligands are presumably 
due to the high charge accumulation within the coordination sphere (20). 

Except for a few cases, the complexes formed either from L 1 or L 3 
ligands are described as particularly air sensitive. An extensive study has 
been carried out by Patin and co-workers (15,17,18) on the L 3 rhodium 
systems. The presence of oxygen leads to the catalytic oxidation of the 
ligand to 0P(ra-C 6 H 4 S0 3 Na) 3 , with the latter being unable to coordinate 
to the metal center, as previously mentioned. In the absence of oxygen, the 
L 3 ligand can be stoichiometrically oxidized by water through a series of 
complicated redox mechanisms involving rhodium species. 

In addition to the rhodium(III) hydroxo species detected by Patin et al ., 
it has been shown by Herrmann et al. that the complex [HRh(L 3 ) 4 ] reacts 
with water to give the dinuclear hydroxo species 33 of Eq. (16) via the 
intermediate 32. The species 32 can also be produced by reduction of 
[RhCl(L 3 ) 3 ] with NaBH 4 , as shown in Eq. (17) (98). The isolated complex 
32 reacts further with carbon monoxide to produce the two compounds 34 
and 35 that are in equilibrium in solution (20). 


HRh*(I? ) 


h 7 o 


-13 


Rh" 1 (HU(OH)(L 3 ) 


h 2 


Rh (OH)(L 3 )- 


-|3 


Rh 


N 


H 

O 


(16) 


Rh 


32 


33 
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RhCl(L 3 ) 3 


NalBH^/HjO 


Rh'(OH)(L 3 ) 3 


+ CO 


-TPPTS 


HO , L 3 

Rh 

L 3 *^ CO 

34 


A T, - L 3 , - H 2 


AT, L 3 ,CO, H 2 



35 


(17) 


Larpent and Patin (100; see also 101) have reported that colloidal 
dispersions of rhodium stabilized by the oxide 0P(/?i-C 6 H 4 S0 3 Na) 3 can be 
easily produced from [RhCl 3 * 3H 2 0]/L 3 mixtures under a hydrogen 
atmosphere. During the course of their studies on the hydroformylation of 
alkenes, these authors investigated these aqueous dispersions by introduc¬ 
ing deuterium gas or D 2 0 in a mixture of water, [RhCl 3 *3H 2 0], and L 3 . 
The results were interpreted as resulting from the reduction of colloidal 
Rh(III) species by H 2 gas followed by oxidative addition of water or 
molecular hydrogen to the Rh(I) species. The cis hydrogenation (deutera- 
tion) of alkenes occurred on the hydrido hydroxo species thus formed, the 
latter stabilized by ionic repulsions between polyanions OL 3 , which prevent 
the aggregation of rhodium (102). Lecomte and Sinou (78) have also 
observed these colloidal particles on addition of chiral diphosphines to 
[RhCl 3 -3H 2 0], whereas rhodium(I) precursors afford homogeneous 
catalysts that allow asymmetric hydrogenation and recycling without loss of 
enantioselectivity. 

Similarly, hydrotropic or surface active molecules R-C(p-C 6 H 4 S0 3 Na) 3 
stabilize the hydroxylated rhodium particles by adsorption of the poly¬ 
anionic head on their polar surface (103). This type of trisulfonated sur¬ 
factant was also used to stabilize Rh(0) particles prepared by reduction 
of [RhCl 3 • 3H 2 0] with NaBH 4 (104). Thus, these protective colloid agents 
allow catalytic hydrogenations of alkenes without cosolvent in a purely 
biphasic system and recycling of colloidal suspensions. 

Solutions of rhodium complexes containing L 1 have been shown to be 
very sensitive to the presence of solvents such as alcohols or ketones, which 
rapidly induce precipitation of metallic rhodium (105). 


b. Complexes with Phosphines Containing Hydroxy, Ether, or Carbox¬ 
ylic Functions. The literature related to complexes with phosphines 
possessing hydroxy groups as substituents is scarce. Bis(hydroxymethyl)- 
alkylphosphines are described as difficult to obtain in a pure form and 
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their reactions with [Na 2 PdCl 4 ] or with [Pt 2 Cl 4 (PR 3 ) 2 ] generally lead to 
intractable syrups (106). The best way to obtain crystallized complexes 
is to start from the corresponding acetate and to hydrolyze after coordina¬ 
tion of the ligand. It has also been observed that two CH 2 OH substituents 
per phosphine are necessary to gain a significant solubility in water (106). 
More recently, Pringle and co-workers prepared the P(CH 2 OH) 3 ligand 
and its nickel, palladium, platinum, ruthenium, rhodium, and iridium 
complexes by substitution of appropriate ligands in a biphasic medium 
(107,108). Only the first three complexes were described as being tetra¬ 
hedral zero-valent [M(P(CH 2 OH) 3 ) 4 ]. The X-ray structure of the palla¬ 
dium species has been determined (107). The platinum complex is proton- 
ated in water to give the [HPt(P(CH 2 OH) 3 ) 4 ] + species 36. 

r n + 


H 

I P(CH 2 OH ) 3 
(hoch 2 ) 3 p -Pt 

| ^ P(CH 2 OH ) 3 

P(CH 2 OH ) 3 

36 

Moreover, three ether-containing phosphines have been coordinated 
to a nickel center, i.e., Ph 2 PCH 2 CH 2 (OCH 2 CH 2 )„PPh 2 , where n = 1 
(L 4 ), n = 2 (L 5 ), and n = 3 (L 6 ). Complexes [L 4 NiX 2 ] and [L 5 NiX 2 ] 
(X = Cl, I) have been analyzed by X-ray diffraction; these studies revealed 
that only the phosphorus atoms participate in the coordination of the 
ligands (109). These three ligands have also been used in the coordination 
chemistry of rhodium(I). Their reaction with [Rh 2 (^t-Cl) 2 (CO) 4 ] produces 
the mononuclear complex [RhCl(CO)(diphos)], where the two phosphorus 
atoms occupy trans positions, the oxygen atoms of the bridging chain 
remaining uncoordinated (110). The chlorine atom can be removed by 
addition of AgPF 6 so that in each of the three new complexes, 37 (n = 1), 
38 (n = 2), and 39 (n = 3), an oxygen is bonded to the cationic rhodium 
center. With L 4 and L 5 , the oxygen atom comes from the ether chain 
(except for L 5 with ethanol) whereas in the case of L 6 a water molecule is 
strongly bound to Rh + . Hydrogen interactions with two oxygen atoms of 
the ether chain stabilize the complex (109-112). All these species are air 
stable. 

The coordination properties of tertiary phosphines of general formula 
(r-Bu) 2 P(CH 2 )„COOEt, where n = 1-3, thus containing an ester function, 
have been examined with Pd(II), Pt(II), Rh(II), and Rh(III) metal centers 
(68). Several complexes have been prepared, generally in organic solvents. 
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Either O or C metallations were observed, according to the chain length. 
Coordination of the 2,3-bis(diphenylphosphino)maleic anhydride ligand 
has also been reported. Solvolysis of the anhydride function by methanol 
afforded the two compounds 40 and 41 according to Scheme 8 (113). 


c. Complexes with Aminophosphines. The most well-studied water- 
soluble complexes with aminophosphines as ligands are those related to 
[Ph 2 PCH 2 CH 2 NMe 3 ] + , which is referred to as amphos. Because phos¬ 
phines containing amino groups are only soluble in acidic media, Smith and 
Baird have introduced the tetraalkylammonium group, which induces solu¬ 
bility in water regardless of the solution pH (50). 

Two main routes to amphos complexes have been studied. In the first, 
the precursor [RhCl(NBD)] 2 (NBD = norbornadiene) was treated with 
amphos nitrate to give [(NBD)RhCl(amphos)](N0 3 ) by chlorobridge 
splitting (114,115). A similar procedure was applied to the reaction of 
[H 2 N(CH 2 CH 2 PPh 2 ) 2 ]Cl with [Ir 2 Cl 2 (C 8 H 14 ) 4 ]. However, loss of HC1 gave 
the neutral complex [IrCl(HN(CH 2 CH 2 PPh 2 ) 2 )]. The same behavior was 
observed for rhodium (116). In the second procedure, carbonyl derivatives 
have been conveniently prepared initially by reacting the parent carbonyls 
[M(CO)J (M = Fe, W; x = 5, 6) with amines in the presence of the mild 
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h 3 cooc 

H 



PPh 2 


PPh 2 


Ni 



MeOH 
60 °C 


H 3 COOC 


HOOC 



Ni 


\ 


Cl 

Cl 


41 40 

Scheme 8. Preparation of carboxylated complexes. 


decarbonylating agent Me 3 NO, then adding methyl iodide in order to 
alkylate the amine function {40,50), The spectroscopic properties of these 
complexes have been compared with those of the triphenylphosphine 
analogs. The slight differences measured for the IR data (Table V) as well 
as for the NMR data (Table VI) suggest that amphos behaves very similar¬ 
ly to triphenylphosphine, the positive charge being attenuated along the 
aliphatic chain of the ligand. It should be noted that all the amphos 
complexes reported so far are highly air stable. 

2. Complexes Made from Water-Soluble Ligands that Do Not Contain 
Phosphorus 

In some cases phosphorus may be replaced by nitrogen. Thus, com¬ 
plexes containing either substituted bipyridine or ethylenediaminetet- 
raacetic acid as ligands have been prepared. Two main preparative routes 
have been used for bipyridine-containing complexes. Ruthenium com¬ 
plexes of 2,2 , -bipyridine-4,4 , -disulfonic acid and 2,2 , -bipyridine-5-sulfonic 
acid have been synthesized by reacting the free ligand with blue ruthe- 
nium(II) solutions (55), which result from the vigorous shaking of a metha- 
nolic solution of [RuC 1 3 • 3H 2 0] and platinum black under 1.5 to 2 bar of 
hydrogen for several hours {117). Complexes of chromium, molybde¬ 
num, tungsten, manganese, rhenium, or osmium that contain carbonyl or 
oxo ligands react with monosubstituted bipyridine ligands to afford the 
corresponding water-soluble compounds {86). Because these complexes 
have been prepared from the salts 43 , the sulfonamides 44 , or even the acid 
42 (see Scheme 9), the solubility of the complexes thus obtained can be 
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TABLE V 


v C o Absorptions for Complexes Dissolved in CH 2 C1 2 ° 


Complex type 

Ligand 


v co (cm ’) 

Fe(CO) 4 L 

Amphos 

2054 (m) 

1983 (w) 

1945 (vs) 1932 (vs) 


PPh 3 

2049 (m) 

1975 (w) 

1935 (vs) 

W(CO) 5 L 

Amphos 

2073 (w) 

1938 (vs) 



PPh 3 

2070 (w) 

1935 (vs) 


Mo(CO) 5 L 

Amphos 

2074 (w) 

1944 (vs) 



PPh 3 

2070 (w) 

1940 (vs) 



"From Ref. 40. 


TABLE VI 

31 P and *H NMR Data 


Complexes 

Solvent 

8 (NMe) 

S(P)“ 

/ b 
•'M-P 

Ref. 

[Fe(CO) 4 amphos] + 

cd 3 cn 

3.21 

64.1 


40 

[Mo(CO) 5 amphos] + 

cd 3 cn 

3.13 

26.6 


40 

[W(CO) 5 amphos] + 

cd 3 cn 

3.08 

6.9 

244 

40 

[Rh(NBD)Cl(amphos)] + 

MeOH 


25.3 

176 

115 

[Rh(NBD)Cl(PPh 3 )] 



31.6 

171 

115 

[Rh(NBD)(amphos) 2 ] 1+ 

MeOH 


15.7 

152 

115 

[Rh(NBD)(PPh 3 ) 2 ] + 



29.8 

157 

115 

[RhH 2 (amphos) 2 (MeOH) 2 ] 3+ 

MeOH 


31.5 

122 

115 

[RhH 2 (PPh 3 ) 2 (MeOH) 2 ] + 



41.8 

121 

115 

[Rh(amphos) 2 (MeOH)] 3+ 

MeOH 


46.4 

205 

115 

[Rh(PPh 3 ) 2 (MeOH) 2 ] + 



57.2 

207 

115 

[RhH 2 (amphos) 3 X] 3+or4+ 

MeOH 


11.9 

95 

115 




31.2 

117 


[RhH 2 Cl(PPh 3 ) 3 ] 



20.7 

90 

115 




40.3 

114 



"Chemical shift in parts per million relative to external H 3 P0 4 . 
b Coupling constant in hertz. 


significantly different. Sodium salts are soluble in water, whereas tetra -n- 
butylammonium and tetrapenylphosphonium salts and the sulfonamides 
are soluble in polar organic solvents (56). Nevertheless, the polar groups 
and their position on the 2,2'-bipyridine have no significant influence on 
the chemistry and the reactivity of the complexes obtained (118). 

Many transition metal complexes have been synthesized, in which 
EDTA employs various coordination sites. A nonexhaustive list is pro¬ 
vided in Table VII according to the coordination number for the EDTA 
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C + OH" 


'— N N—' 

% / 

H 

42 


i) + PCI 5 
- POCl 3 


ii) RNH 2 /NEt 3 
- lHNEt 3 ]Cl 


(QwS )~ so3 ,c+ 




C : Na + 

[N(n-C 4 H 9 ) 4 ] + 
[P(C^ H 5 ) 4 ]- 


R : -C(CH 3 ) 3 


-CH 7 Ph 


-CH 2 


Scheme 9. Precursors for substituted bipyridine-containing complexes. 


TABLE VII 


Examples of EDTA Complexes Showing Various 
Coordination Numbers 0 


Ligand EDTA 

Complexes 

Ref. 

Tridentate 

[Cr nl (H 3 EDTA)Cl 2 ] • H 2 0 

119 

Tetradentate 

[Cr nl (EDTA)(H 2 0) 2 ]~ 

120 


K[RuC1 2 (H 2 EDTA)] • h 2 o 

121 

Pentadentate 

[Cr m (HEDTA)(H 2 0)] 

120 


[Rh(EDTA)(H 2 0)r 

119 


K[RuCl(HEDTA)] • 2H 2 0 

121 


[Ru nl (EDTA)L]- 

119 


[Ru n (EDTA)L] 2 ' 

119 

Hexadentate 

NH 4 [Co im (EDTA)] • 2H 2 0 

119 


NH 4 [Fe(EDTA)] • H 2 Q 

119 


°L = H 2 0, SCN“, C 5 H 5 N, C,H 4 N 2 , C 4 H 4 N 2 , C 5 H 7 N + , or 

c 6 h 6 n 2 o. 


ligands. For many transition metals, especially rhodium and ruthenium, 
the tetra- and pentadentate forms are most frequently encountered. IR 
spectroscopy is generally used to detect free acid that remains (p COO h = 
1720 cm -1 ) in addition to the coordinated acid groups (1650 cm -1 ). 
Attempts to prepare hexadentate EDTA complexes of chromium, ruthe- 
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nium, and rhodium failed (120,121), whereas hexadentate iron(III) and 
cobalt(III) complexes have been prepared (119,120). Compounds con¬ 
taining EDTA as a tridentate ligand are scarce (121). The chemistry of 
EDTA-ruthenium complexes has been extensively explored, due to their 
high reactivity toward water, dioxygen, dinitrogen, carbon monoxide, and 
related small molecules. Their activity in catalysis will be considered in the 
following sections. 

Aqueous complexes containing semicarbazones, such as 2,6-diacetyl- 
pyridine bis(semicarbazone) (DAPSC) (122,123), semicarbazides (90), 
and tetrasulfophthalocyanines (91) have also been prepared; reports on 
these complexes deal essentially with their crystalline structures and mag¬ 
netic properties. 

Stability constants have been determined for a variety water-soluble 
complexes that have not as yet been used in catalysis. Chatt and co¬ 
workers were the first to examine stability constants for silver and cadmium 
complexes containing sulfonated aromatic ligands (4,124). Moreover, the 
L 1 ligand has been reinvestigated by Bjerrum and co-workers (99,125) in 
mercury, bismuth, copper, gold(I), palladium(II), and platinum(II) com¬ 
plexes. Other water-soluble ligands containing carboxylic groups have 
also been studied from a stability point of view for nickel, copper, cad¬ 
mium, zinc, and cobalt (88,89). More recently, the water-soluble cluster 
Au 55 (L 1 • 2H 2 0) 12 C1 6 , successfully obtained by exchanging PPh 3 by L 1 in 
Au 55 (PPh 3 ) 12 Cl 6 , was the first stable M 55 cluster that could be imaged with 
its intact ligand by means of transmission electron microscopy (126). 
Finally, Aquino and Macartney substituted the water molecule of the 
compound [Rh 2 (00CH 3 ) 4 (H 2 0) 2 ] with sulfonated, carboxylated, or 
aminated water-soluble phosphines in order to study precisely the kinetics 
and the mechanism of the exchange (127). The present review is restricted 
to the use of such compounds in catalysis. 


WATER GAS SHIFT CATALYSIS 

Numerous studies have been concerned with the production of dihy¬ 
drogen from carbon monoxide and water according to Eq. (18), especially 
since the 1973 petroleum crisis. 

h 2 o + co^h 2 + co 2 (18) 

Because this reaction is exothermic under ambient conditions (A//° 298 = 
0.68 kcal), it was expected that homogeneous systems operating at low 
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temperature could replace the classical heterogeneous catalysts that work 
at temperatures of 400-450°C, wherein the equilibrium is only slightly 
shifted to the right. For instance, at 673 and 400 K, the equilibrium con¬ 
stants are 11.7 and 1.5 x 10 3 , respectively. Several metal complexes and 
clusters, for example, [RhI 2 (CO) 2 ] _ , [Ru 3 (CO) 12 ], [Fe(CO) 5 ], have been 
shown to catalyze this reaction at slow rates. These systems have been re¬ 
cently reviewed (128-130). The present article is devoted to the species 
containing water-soluble ligands. 

The metallic center must accommodate several oxidation states in such a 
way that the two main reactions involved can produce C0 2 then H 2 , as 
shown by Eqs. (19) and (20), (131,132). In order to improve the contact 
between the catalyst and water, complexes containing water-soluble 
ligands have been designed and their reactivity examined. Decomposition 
of the complexes, side reactions, and low kinetics, problems encountered 
with classical ligands, were expected to be eliminated. 

ML„ + CO + H 2 0 ML^“ + C0 2 + 2H + (19) 

ML 2 n ~ + 2H + + H + ML„ + H 2 (20) 

The most efficient transition metals generally used are rhodium and 
ruthenium. The complex [Fe(CO) 4 (amphos)]I was shown by Smith and 
Baird to be 200 times less active than [Fe(CO) 5 ] under the same basic 
conditions (140°C, P C o = 34 bar, aqueous methanol). Moreover, the two 
complexes [Mo(CO) 5 (amphos)]I and [W(CO) 5 (amphos]I do not show any 
catalytic activity (40). In addition, no reactivity was noted for these three 
complexes under neutral conditions. We shall consider in turn the activity 
of rhodium and ruthenium complexes. 


A. Rhodium Complexes 

By adding the amphos ligand to [Rh 2 (NBD) 2 Cl 2 ] in a molar ratio 
P:Rh = 3, the resulting aqueous mixture was shown to hydroformylate 
hex-l-ene moderately effectively at 40 bar in the absence of hydrogen 
(775). In fact, these hydroformylation reactions as well as hydrogenations 
are often a good means to detect and measure the water gas shift reaction 
(WGSR), because water is the only source of hydrogen. The formation of 
molecular hydrogen is generally confirmed by carrying out the reaction in 
the absence of olefin. Thus, Smith et al. (115) observed that the amounts of 
hydrogen produced were similar to those of heptanals and carbon dioxide 
formed in the latter experiment [Eq. (21)]. 

RCH=CH 2 + 2CO + h 2 o^ rch 2 ch 2 cho + co 2 (21) 
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Scheme 10. Simplified catalytic cycle for the WGGSR. Adapted from Ref. 133. 


Presumably, the WGSR controls the reaction rate, produces dihydrogen 
according to Scheme 10 (133), and another rhodium activates H 2 , CO, and 
the alkene to convert it into the corresponding aldehyde. 

We have examined the efficiency of dinuclear rhodium(I) complexes 
[Rh 2 (/x-SR) 2 (CO) 2 (L 3 ) 2 ] in these two reactions under mild conditions (8 
bar, 80°C) (134,135). It was found that the presence of alkene in the 
medium significantly increases the production of hydrogen from water. In 
this case, it can be assumed that the dihydrido species generated by the 
WGSR is involved in the catalytic hydroformylation cycle according to 
Scheme 11. 

The WGSR is often performed under neutral or basic conditions. 
However, a basic medium leads to extensive oxidation of the sulfonated L 3 
ligand to the corresponding OL 3 compound. We have observed that acidic 
media exert a good influence on the activity and selectivity of the reac¬ 
tion. Interesting performances were achieved at pH 4.8, with a turnover 
frequency of 40 hour -1 and selectivities in linear aldehyde as high as 
96% (134-136). At similar concentrations, the mononuclear species 
[Rh(COD)(L 3 ) 2 ][BF 4 ] and [RhH(CO)(L 3 ) 3 ] exhibit lower activity. 

The synergism between the two metallic centers has been proposed by 
Tikkanen et al. (137), who studied the ability of the dinuclear precursor 
[Rh 2 (/i-CH 3 COO) 3 (bpnp)][PF 6 ] 45 to catalyze the WGSR in a 20% 
water/pyridine solution. Nevertheless, the achieved turnover frequency 
remains quite low because it is around 5 mol C0 2 (mol catalyst) -1 hour -1 
at 100°C and 1 bar CO. Rarely has the WGSR been studied in its own 
right. Similarly, Nuzzo et al. (11) showed that the complex [RhCl(CO)10] 
displays a catalytic activity for the same reaction. Under basic conditions 
(pH 13.8) and at 85°C, 4 bar, these authors obtained a good turnover 
frequency of 32 hour — l . Moreover, the stoichiometric WGSR has been 
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Scheme 11 . Simplified catalytic cycle involving the direct coordination of the alkene on 
the dihydro species. 


recognized to account for the formation of [HRh(CO)(L 3 ) 3 ] from 
[RhCl(L 3 ) 3 ] (20) or from [Rh(CO) 2 (acac)] and [Rh(C 2 H 4 )(acac)] under a 
CO atmosphere in the presence of an excess of the water-soluble L 3 ligand 
(138). 



45 
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B. Ruthenium Complexes 

During the past 10 years, significant results have been obtained by Taqui 
Khan et al using the classical but robust aforementioned ethylene- 
diaminetetraacetic ligand, which induces high solubility in water. These 
workers have described the most active precursor yet reported for the 
WGSR in homogeneous catalysis (139-141), namely, a ruthenium(II)/ 
EDTA complex. Turnover frequencies of 350 hour -1 were obtained. The 
authors have proposed that the active species [Ru(EDTA-H)(CO)]~ 
induces the oxidative addition of a water molecule to afford a hydrido hy- 
droxo carbonyl species. The OH migration on the coordinated CO ligand 
leads to the key complex 46, from which H 2 and then C0 2 are evolved 


[Rut— 

H 




46 



through a concerted mechanism. These authors have also observed the 
formation of formaldehyde and formic acid (140). The latter compound 
results from a rearrangement of complex 46 into a new species in which 
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formic acid is coordinated to ruthenium through the oxygen atom. The 
formaldehyde formation implies the insertion of a CO ligand into the 
Ru-H bond instead of the Ru-OH bond in the hydrido hydroxo carbonyl 
intermediate. 

Another approach to water-soluble ruthenium complexes for the WGSR 
has been to introduce sulfonate groups in the four phenyl rings of a 
ruthenium tetraphenylporphyrin. Under a CO atmosphere, the species 
[Ru(TPPS)(CO)] 4_ 47 was characterized and was shown to produce 6.3- 
fold more hydrogen and carbon dioxide than the classical [Ru 3 (CO) 12 ] 
precursor previously studied by Ford and Rokicki (130). The peculiar role 
of the porphyrin ligand was underlined because the complex can accommo¬ 
date the two ligands, CO and OH~, being in cis positions on one side of the 
porphyrin plane (142). 


IV 

HYDROFORMYLATION 

The hydroformylation reaction is widely used to convert an alkene to an 
aldehyde by addition of hydrogen and carbon monoxide in the presence of 
a catalyst [Eq. (22)]. 

RCH=CH 2 + H 2 + CO RCH 2 CH 2 CHO + RCH(CHO)CH 3 (22) 

Cobalt and rhodium are active in this reaction. Cobalt requires severe 
temperature and pressure conditions (180°C, 200 bar). However, rhodium 
associated with triphenylphosphine allows mild conditions (120°C, 20 bar) 
to operate, resulting in a “low-pressure oxo” process, which was devel¬ 
oped by Union Carbide, Davy Me Kee, and Johnson Matthey; 12 plants 
have been constructed worldwide to convert propene into butanal (143, 
144). The major disadvantage of this process is that it is restricted to light 
alkenes because the corresponding aldehydes are separated by distil¬ 
lation. For heavier alkenes, the temperatures required for the separation 
induce extensive catalyst degradation. Numerous attempts to anchor the 
complex on a support have been made to overcome this problem. How¬ 
ever, due to losses of activity and selectivity, it was found that introduction 
of the active species in water with the appropriate ligands is a good means 
to retain a high level of activity with a simple way of recycling. Kuntz, at 
Rhone-Poulenc Industries, was the first to succeed and to patent a Rh/L 3 
process, which has been developed by Ruhr Chemie Co. (5,145,146). 
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Three metals have been used for the hydroformylation in a biphasic 
medium: cobalt, ruthenium, and the most widely studied metal, rhodium. 


A. Rhodium Complexes 

1. L 1 and Amphos Ligands 

By using the monosulfonated triphenylphosphine ligand L 1 , the complex 
[HRh(CO)(L 1 ) 3 ] has been prepared by Borowski et al. from [HRh(CO)- 
(PPh 3 ) 3 ] by an exchange method (92). This compound was employed in 
the hydroformylation reaction and was shown to be active above 70°C. 
However, at the end of the catalytic runs, the organic layer was found to 
be orange colored, due to the presence of some soluble rhodium species. 
No further work has been published on this system. 

Leaching of rhodium into the organic phase, giving rise to yellow solu¬ 
tions, was also observed in the case of amphos/Rh systems, although it was 
claimed that less than 0.1% Rh was lost (114,115). The complex generated 
by addition of six equivalents of amphos to [Rh 2 (^-C1) 2 (NBD) 2 ] was found 
to hydroformylate hex-l-ene into heptanals at 40 bar and 90°C, with 90% 
yield and an n: i ratio of about 4 (this ratio is solvent dependent). Borowski 
et al. added an excess of L 1 to stabilize the catalyst and improve the n:i 
ratio; in contrast, an amphos: rhodium ratio of 10 was found to induce a 
lower selectivity in linear aldehyde (3.4 instead of 4). It was also noted that 
acidic media favor hydrogenation of hex-l-ene into hexane (16% at pH 5). 

2. L 3 Ligand 

This highly water-soluble ligand provides a very interesting way to 
maintain the catalyst in the aqueous phase; all researchers using this 
compound have reported colorless organic layers. Most of the early studies 
concern propene, as evidenced by the first patents (5,145,146). In general, 
a large excess of ligand L 3 , as high as 340 g liter -1 L 3 /0.4 g liter -1 Rh, was 
added to [Rh 2 (^t-Cl) 2 (COD) 2 ] in order to reach a 95% selectivity in n- 
butanal and a productivity of 150 g of C 4 aldehydes per hour and per 
liter of solution (corresponding to a turnover frequency 95.5 hour -1 ) 
(5,14,145,146). A selectivity in butanals of 96% at 30 bar and 125°C was 
characteristic of this system (145). 

Complex [HRh(CO)(L 3 ) 3 ] is highly efficient in transforming hex-l-ene 
into C 7 compounds at 5 bar and 80°C with selectivities into linear aldehyde 
of up to 93% (147). The same complex was prepared starting from 
[Rh(CO) 2 (acac)] or [Rh(C 2 H 4 ) 2 (acac)] and its catalytic behavior has been 
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compared with that of [HRh(CO)(PPh 3 ) 3 ] (138). Both 13 C and 31 P NMR 
studies have shown that the species [HRh(CO)(L 3 ) 3 ] remains intact under 
200 bar of CO/H 2 , whereas the dicarbonyl species [HRh(CO) 2 (PPh 3 ) 2 ] is 
formed with triphenylphosphine. Thus, absence of the dicarbonyl complex 
in the case of L 3 ligand accounts for the high selectivity in linear aldehyde 
(138). 

Higher performances are obtained with the dinuclear rhodium com¬ 
plexes [Rh 2 (/x-SR) 2 (CO) 2 (L 3 ) 2 ], provided that a slight excess of ligand is 
added (148). For example, at 5 bar and 80°C, with a P: Rh molar ratio of 3, 
a 100% conversion of hex-l-ene into heptanal and a selectivity of 94% in 
linear aldehyde is reached. On increasing to a slight extent the P: Rh ratio 
(6, for instance, and at 10 bar), the selectivity in rc-heptanal is raised to 
97% (148). As mentioned in all patents related to L 3 /Rh systems 
(5,145,146,149), simple decantation after catalysis allows separation of the 
organic and aqueous layers, thereby permitting easy catalyst recycling. For 
propene (149) or hex-l-ene (148), the linearity is not affected by recycl¬ 
ing, the same level of activity being measured. The organic solutions 
remain colorless and analysis shows that the amount of leached rhodium is 
0.1 ppm (w/w). 

3. Monocarboxylated Triphenylphosphine 

When used in catalysis, the L 3 ligand discussed above is characterized by 
slow reaction rates, due to mass transfer control, as opposed to kinetic 
control of the homogeneous hydroformylation systems. In order to im¬ 
prove the transfer, Russell and Murrer from Johnson Matthey have shown 
that addition of the water-soluble diphenyl (p-carboxylatophenyl)- 
phosphine is effective provided a phase transfer agent is added (150,151). 
High selectivities to normal aldehyde, relatively good rates, and mini¬ 
mized rhodium losses were obtained when poor mixing of the liquid phases 
was adjusted. In fact, low mixing rates allow the formation of micelles, 
which are the key to the high selectivity observed. Such organized systems 
explain why heavy alkenes such a hexadec-l-ene can be transformed rela¬ 
tively quickly (73% in 1 hour instead of 0.5% in 3 hours if Ci 2 H 25 NMe 3 Br 
is absent). The reaction occurs under mild conditions (10 bar and 100°C). 

4. New Surface Active Ligands 

The sulfobetaine derivatives of tris(2-pyridyl)phosphine described in 
Section II,A appeared to be an attractive material to achieve the biphasic 
hydroformylation of higher olefins. Indeed, the micellar hydroformylation 
of tetradec-l-ene gave up to 79% yield when carried out at 125°C and 75 
bar CO/H 2 for 3 hours in the presence of the water-soluble catalyst 
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[Rh 4 (CO) 12 ] and tris(2-pyridyl)phosphine sulfoalkylated by octane-1,2- 
sultone. Thus this surfactant phosphine improves the contact between the 
catalyst and the organic layer, which contains substrates and products, 
allowing a quantitative recovery of the active species by simple decanta¬ 
tion (13). 

5. Hydroformylation under Water Gas Shift Conditions 

In the absence of added dihydrogen, hydroformylation of hex-l-ene has 
been shown to occur only from carbon monoxide and water. Amphos/ 
rhodium systems gave low yields (—5% at 40 bar and 90°C for 24 hours) in 
aldehydes with a poor linearity (n:i =1.1). Presumably, the twofold CO 
pressure used for the WGS experiment, when compared with the CO/H 2 
runs, induces the formation of the HRh(CO) 2 (amphos) 2 species, which 
is known to decrease the linearity (138). 

With L 3 , the three complexes [HRh(CO)(L 3 ) 3 ], [Rh(COD)(L 3 ) 2 ]- 
[C10 4 ], and [Rh 2 (^-S-t-Bu) 2 (CO) 2 (L 3 ) 2 ] were shown to selectively con¬ 
vert hex-l-ene into the corresponding aldehydes. The best yields were 
obtained with the dinuclear complex in an acetic buffer (P c o = 8 bar, 
80°C, turnover frequency 40 hour -1 , selectivity to normal aldehyde 96%) 
(134-136). 

B. Ruthenium Complexes 

During their preliminary exploration of the catalytic activity of L 1 com¬ 
plexes, Borowski et al. noted that [RuHCl(L 1 ) 3 ] is a precursor for hydro¬ 
formylation of hex-l-ene at 60 bar and 90°C (92). However, extensive 
isomerization of the terminal alkene occurred so that only 30% conversion 
to aldehydes was obtained with a linear selectivity of 75%. 

The [Ru(EDTA)] - complex studied by Taqui Khan et al. was investi¬ 
gated for the hydroformylation of allyl alcohol as well as hex-l-ene 
(152,153). The reactions were carried out at 50 bar within the range of 90 
to 130°C. Kinetic studies led the authors to propose the mechanism given 
in Scheme 12. The [Ru(EDTA-H)(CO)] complex is assumed to be the 
precursor, which reacts in a first step with dihydrogen to generate the 
active species [Ru(EDTA-H)(CO)(H)] 2 ~. Coordination of the alkene oc¬ 
curs very quickly; the rate-determining step is the hydride transfer to 
the coordinated alkene giving the alkyl species. For hex-l-ene, very high 
linearities were gained for the C 7 aldehyde (98 to 100%) (141,153). 
However, for allyl alcohol, only 35% hydroxybutyraldehyde was produced 
along with its cyclization products y-butyrolactone (25%), dihydrofuran 
(25%), and polymeric compounds (152). 
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[ML(CO)(H)(R)] * 


L = EDTA-H ; M = Ru 

Scheme 12. Catalytic cycle for the hydroformylation of allylic alcohol or hex-l-ene. 

C. Cobalt Complexes 

Given that studies of the catalytic performances of water-soluble com¬ 
plexes that operate in biphasic systems are very recent, and because 
rhodium appeared to be the most appropriate metal to achieve hydrofor¬ 
mylation, papers related to cobalt systems are at present rather scarce. 
The hydroformylation of terminal or internal alkenes by [Co 2 (CO) 8 ]/L 3 
has been patented by Rhone-Poulenc Industries (154). For instance, at 
140°C and 130 bar (H 2 :CO = 2:1) this catalytic system gives 89% heptan- 
als after 3 hours, with a selectivity in linear aldehyde of 62%. The same 
reaction starting from hex-2-ene affords aldehydes after 18 hours, with 
68% selectivity, the linearity being 59%, as usually observed for cobalt 
catalysts. In all these cases the organic solutions were slightly yellow 
colored and the cobalt leaching was about 1% of the initial metal amounts 
(154). Thus cobalt appears to be less attractive than rhodium for the 
selective hydroformylation of alkenes, except the internal ones, because 
the operating conditions are generally more severe, the loss in organic 
solution is higher, and the selectivities are poorer. 

These results have been confirmed by Markiewicz and Baird, who ex¬ 
plored the activity of [Co(CO) 3 (amphos) 2 ][PF 6 ] 2 in a two-phase system 
(255). Indeed, at 100°C, 80 bar, during 24 hours, a turnover frequency 
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of 6 hour -1 was achieved; the selectivities were, respectively, 35% for 
n-heptanal, 33% for 2-methylhexanal, and 32% for rc-heptanol. Hy¬ 
drogenation of aldehydes can be avoided by addition of benzene as 
cosolvent. 


V 

HYDROGENATION 

Catalytic hydrogenation tests appear from the literature to be very 
popular. This may be due to the fact that active systems work usually at 1 
bar. In order to separate the products from the catalyst, the first applica¬ 
tion of two-phase systems involved the hydrogenation of olefins catalyzed 
by rhodium complexes containing the monosulfonated triphenylphosphine 
L 1 (105). In addition, water-soluble substrates were hydrogenated in 
aqueous phase (95). Since the early investigations, particularly by Wilkin¬ 
son et al. on [RhCl(PPh 3 ) 3 ], it was known that varying the coordination 
sphere of the metal center can induce high selectivities (156). These studies 
were extended to asymmetric hydrogenations using water-soluble chiral 
ligands, thereby revealing a peculiar role played by water on the enan¬ 
tiomeric excess with regard to that observed in the homogeneous phase. 

A. Hydrogenation in Two-Phase Systems 

1. Hydrogenation of Water-Immiscible olefins 

Dror and Manassen have shown that the hydrogenation of cyclohexene 
in a two-phase system can be catalyzed by a complex prepared in situ from 
[RhCl 3 *3H 2 0] and an excess of ligand L 1 , provided a cosolvent is added 
(105). The activity of the catalyst increases in the order dimethyl- 
acetamide < dimethoxyethane < ethanol < methanol, the conversions 
being as high as 90% in the last case. 

Recently, ternary diagrams have been established for the water/oct-1- 
ene/cosolvent systems (157). Such calculations have shown that methanol 
and ethanol are particularly convenient to solubilize oct-l-ene in the 
aqueous phase, whereas the solubility of water in the organic phase is 
maintained at a very low level. Accordingly, when higher catalytic activi¬ 
ties are observed in the presence of better cosolvents, it can be concluded 
that catalysis occurs in the aqueous phase and not at the interface. High 
stirring rates are required to be maintained in order to ensure a good 
gas-liquid transfer. 
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Borowski et al. have reported the hydrogenation of hex-l-ene, cis/trans- 
hex-2-ene, and cyclohexene in a two-phase medium without cosolvent 
(92). Among the two species, [RhCl(L 1 ) 3 ] and [RuHC 1(L 1 ) 3 ], the former 
was shown to be the most effective and the most selective catalyst for 
terminal alkenes. However, significant amounts of internal alkene were 
obtained from hexenes (92), and we interpret these results as being due to 
the absence of cosolvent. Indeed, the solubility of substrate in water is 
much reduced so that the isomerization process competes with hydrogena¬ 
tion. Mild conditions have been adopted by the authors (25-80°C, 3 bar), 
who observed that the two phases separate readily after reaction. Yet, the 
main disadvantage of such a process is that air must be carefully excluded, 
due to the air sensitivity of the two Rh(I) and Ru(II) complexes. 

Another analog of the Wilkinson complex, prepared by Larpent et al. by 
mixing of [RhCl 3 • 3H 2 0] and L 3 , has been shown to hydrogenate numer¬ 
ous olefins with 100% conversion and complete selectivity on the C-C 
double bond, regardless of the identity of the various functional group 
(101). Nevertheless, 31 P NMR analyses showed that full oxidation of L 3 
occurred very quickly so that colloidal dispersions of rhodium stabilized 
by the oxide OL 3 become the catalytically active species (101). Such a 
reduction to rhodium(0) with simultaneous formation of phosphine oxide 
has not been observed in the case of a,/3-unsaturated aldehydes (158). The 
rhodium(I) complex, presumably [RhCl(L 3 ) 3 ], prepared by in situ addi¬ 
tion of L 3 to [Rh 2 (/u.-Cl) 2 (COD) 2 ], produced the corresponding saturated 
aldehydes with no decarbonylation at all. At 20 bar, hydrogenation of the 
aldehyde function occurred sufficient to afford the saturated alcohols, but 
generally selectivities higher than 95% were reached for the aldehydes 
(158,159). However, the absence of reduction of the latter complex is in 
agreement with recent experiments of Lecomte and Sinou. In order to 
determine the homogeneous or heterogeneous nature of the catalyst, they 
used chiral phosphines and measured enantioselectivities after recycling 
the catalyst. Thus they showed that the Rh(I)/chiral sulfonated phosphine 
system is a homogeneous catalyst whereas Rh(III) induces oxidation of 
phosphine ligand, leading finally to a heterogeneous system (78). 

Further studies carried out by Larpent and Patin have shown that the 
dihydride species [RhH 2 Cl(L 3 ) 3 ] (cis-mer and cis-fac isomers) have dis¬ 
appointing catalytic activity. Indeed, no hydrogenation took place if suf¬ 
ficient amounts of phosphine oxide had not been produced (160). Thus 
when Rh(III) complexes were introduced into the medium, catalytic activ¬ 
ity was attributed to metallic rhodium particles dispersed and stabilized by 
sulfonate anions, which prevent metal aggregation, as shown by hy¬ 
drogenation of cycloheptene followed by 31 P NMR and light-scattering 
measurements (100). 
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In contrast with the rhodium catalysts containing the ligand L 1 , the 
corresponding amphos systems are much more stable to oxidation by air 
and can even be handled in air and recycled without any special precau¬ 
tions (115). The species [Rh(NBD)(amphos) 2 ] 3+ behaves as its triphenyl- 
phosphine analog so that hex-l-ene is hydrogenated faster than styrene. 
Isomerization of hex-l-ene into internal olefins (10-20%) was observed. 
The activity of the catalyst is strongly dependent on the organic solvent; 
diethyl ether is more efficient than ^-heptane, possibly due to its greater 
solubility in water, n-heptane displaying higher efficiency as solvent than 
dichoromethane, which can even present an inhibiting effect. The aqueous 
phase can be reused because only 0.1% of the catalyst leaks into the 
organic layer. 

Ruthenium complexes such as [RuC 1 2 (L 1 ) 2 ], [RuHC^L 1 )^, and [RuH- 
(OAc)(L 1 ) 3 ] have been shown by Joo and co-workers to hydrogenate hex- 
l-ene and styrene under similar conditions but with much slower rates than 
[RhCl(L 1 ) 3 ] (94). 

As a result of improvements in the synthesis of hydrido or polyhydrido 
complexes of ruthenium in recent years, Taqui Khan et al. have focused on 
water-soluble ruthenium complexes containing EDTA to catalyze the hy¬ 
drogenation of cyclohexene under mild conditions (10-40°C, 0.41 bar) 
(161,162). The four complexes [K{Ru(EDTA-H)Cl}• 2H 2 0], [Ru- 
(EDTA-H)(PPh 3 )], [K{Ru(EDTA-H)(CO)|], and [K{Ru(EDTA-H) 
(SnCl 3 )}] have been shown to follow the same rate equation, Eq. (23): 

d[ H 2 ] + A: 2 /r 2 [H 2 ][C][S] 

dt (1 + /C 1 [H 2 ])(1 /C 2 [S]) 1 ' 

where [H 2 ] is the dihydrogen partial pressure, [C] and [S] are the initial 
catalyst and substrate concentrations, respectively, K x and K 2 are the 
equilibrium constants for the formation of the hydrido complex [Ru(ED- 
TA-H)(L)(H)] and olefin complex [Ru(EDTA-H)(L)(S)], respectively 
(L = Cl", CO, PPh 3 , SnCl 3 "), and k x and k 2 are the constants correspond¬ 
ing to the hydride transfer to the olefin by the two preceding routes. This 
equation accounts for two competing pathways. The first involves the 
coordination of cyclohexene after formation of the hydride species (hyd¬ 
ride route) and the second is the opposite (olefin) route. Whereas the 
olefin route is largely faster than the hydride one, because the olefin com¬ 
plex is dramatically less stable than the hydride (K X >K 2 ), the reaction 
proceeds preferentially through the hydride pathway. Thermodynamic 
data and activation parameters correlate quite well with the influence of 
the 7 t acidity of the ligands on the stability and the reactivity of the various 
species as determined by the l H NMR shift of the hydride ligand. The two 
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complexes, [Na{Ru(EDTA-H)N 3 } • 2H 2 0] and [{Ru(EDTA-H)(NO)}- 
BF 4 ], were shown to afford similar behavior (162). 


2. Hydrogenation of Unsaturated Aldehydes 

We have emphasized that rhodium/L 3 systems are very efficient for 
hydrogenation of the carbon-carbon double bond of unsaturated aldehy¬ 
des, such as crotonaldehyde, but-2-eneal, or cinnamaldehyde (see Sec¬ 
tion V,l,a). However, reduction of the aldehyde function can be achieved 
selectively with ruthenium complexes under two-phase conditions. Follow¬ 
ing selections of several hydrido ruthenium complexes for their catalytic 
activity in hydride transfer reactions, Joo and Benyei found that aromatic 
and aliphatic aldehydes could also be reduced to the corresponding unsatu¬ 
rated alcohols with complexes containing the L 1 ligand and using sodium 
formate as hydrogen donor in the aqueous phase (163,164). Except for the 
crotonaldehyde, which gave only 18% yield of crotyl alcohol, numerous 
aromatic as well as allylic alcohols were highly selectively obtained with the 
most efficient catalyst [RuC 1 2 (L 1 ) 2 ] at 80°C. Although the reaction 
mechanism has not been defined, the [RuH(0 2 CH)(L 1 ) 3 ] species appears 
to be a key intermediate of the process. High rates and conversions 
could be obtained provided an excess of L 1 ligand was added. Contrary 
to the formation of an inactive species, in this case the bis(aldehydo)- 
ruthenium complex [RuH(0 2 CH)(RCH0) 2 (L 1 ) 2 ] (164), the tensioactive 
properties of the ligand may be involved in the acceleration of the catalytic 
process. 

Grosselin et al. have shown that the deactivation phenomenon that 
prevents efficient recycling of the aqueous phase could be overcome by 
using the L 3 ligand (158,165,166). An active ruthenium species, generated 
in situ by addition of the salt [RuC 1 3 • 3H 2 0], was found to convert several 
unsaturated aldehydes into the corresponding unsaturated alcohols, with 
selectivities as high as 99%. The reduction could be carried out either with 
hydrogen (generally at 20 bar) or with sodium formate. Recycling the 
complex twice after reduction of substrate [Eq. (24)] gave 97% selectivity 
both times. Interestingly, the presence of a phosphate buffer to maintain 
neutral pH conditions inhibited the side effect of C=C hydrogenation 
favored by an acidic medium (158). 



99 % 


+ 



( 24 ) 
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B. Aqueous Phase Catalysis 

Whereas the water insolubility of transition metal complexes containing 
conventional ligands restricts their application to catalysis in organic solu¬ 
tions, the introduction of water-soluble ligands allows hydrogenation of 
many olefinic or keto acids in aqueous media. 


1. Ruthenium Complexes 

Following the early disappointing report by Chatt et ai that hydroxy- 
methylphosphine complexes of rhodium, palladium, and platinum were 
inactive in catalysis (106), Joo et ai carried out pioneering investigations 
on active water-soluble complexes. Their preliminary experiments showed 
that the Ru/L 1 system catalyzes the hydrogenation of pyruvic acid to lactic 
acid with low conversion rates, that is, the turnover number does not 
exceed 30 (95). These poor performances were attributed initially to the 
conversion of the catalytic species to inactive ruthenium(II) complexes, but 
later the effect was ascribed to catalyst deactivation due to the presence of 
small amounts of dioxygen in the medium (94). 

This study was extended to several keto and other unsaturated acids. 
The ruthenium complexes [HRu(OOCCH 3 )(L 1 ) 3 ] 48 , [RuC1 2 (L 1 ) 2 ] 49 , and 
[HRuC1(L 1 ) 3 ] 50 were prepared and characterized and their catalytic activ¬ 
ity was investigated. Only complexes 48 and 50 , which contain three 
phosphine ligands, catalyzed the hydrogenation of 2-keto acids (pyruvic, 
phenylpyruvic, 2-ketopentanoic, and 2-ketooctanoic acids). It was found 
that when only two phosphines are present in the coordination sphere of 
the metal, the keto acid coordinates strongly enough to produce a catalyti- 
cally inactive species. On the other hand, complex 50 is a very effective 
catalyst for the hydrogenation of ketonic function—1300 turnovers were 
obtained for pyruvic acid, giving lactic acid selectively [Eq. (25)] (167). 

CH3COCOOH + H 2 ” > CH 3 CH(OH)COOH (25) 

1 bar, 6(rC, pH 1 

It is necessary to start from complex 50 to gain a high activity. Other¬ 
wise, reduction of the [RuC 1 3 • 3H 2 0]/L 1 system in the presence of pyruvic 
acid generates a complex that contains the pyruvato ligand and two L 1 
ligands and thus leads to an induction period. The kinetic study of hydro¬ 
genation of pyruvic acid led the authors to propose that [HRuC 1(L 1 ) 3 ] or 
[HRu(OAc)(L 1 ) 3 ] was the active species. For crotonic acid, however, the 
active species is likely to be [HRuC 1(L 1 ) 2 ] or [HRu(OAc)(L 1 ) 2 ] (94). 

Very recently, Basset and co-workers have shown that superior activity 
occurs in water rather than in classic organic solvents, provided that an 
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iodide salt is added (168). Starting from either [RuC 1 2 (L 3 ) 3 ], [HRu- 
C1(L 3 ) 3 ], [HRu(OAc)(L 3 ) 3 ], or [RuH 2 (L 3 ) 4 ], the active species would 
be [HRuI(L 3 ) 2 ] in the presence of Nal. Moreover, Nal would assist the 
rapid formation of a metal-carbon bond to give with propionaldehyde the 
intermediate Ru-CH(Et)ONa, which reacts with water to give a Ru- 
CH(OH)Et species. This peculiar effect is due to the polarity of water. 

2. Rhodium Complexes 

Joo and co-workers have also studied the kinetics of hydrogenation in 
the presence of complex [RhCl(L 1 ) 3 ] (169), the preparation of which had 
been previously reported (95). From studies with crotonic, maleic, and 
fumaric acids, two innovating concepts were proposed, though they have 
not yet been confirmed by detailed mechanistic investigations. As with the 
homogeneous systems, the reduction of crotonic acid involves dissociation 
of a ligand and formation of a dihydride species. However, studies with the 
two other acids imply instead the dissociation of a chloro ligand, leading to 
the [Rh(L 1 ) 2or 3 ] + species. Moreover it has been claimed that carboxylato 
species [Rh(RCOO)(L i ) 3 ] are probably formed in aqueous medium, re¬ 
gardless of the identity of the substrate. Water in this system could play a 
determinant role as the proton acceptor, a phenomenon that cannot occur 
in an organic solvent. Thus, displacement of Cl“ by RCOO - would give 
the catalytically active carboxylato species, each R group exhibiting its 
characteristic dissociation constant. 

The highly air-stable complex [Rh(NBD)(amphos) 2 ] 3+ , obtained from 
the reaction of [Rh(NBD)Cl] 2 with four equivalents of amphos nitrate, 
catalyzes the hydrogenation of maleic and crotonic acids, at 1 bar, with 
higher activities than the analogous rhodium complexes containing 
L x (114,115). Moreover, the reaction rates are higher in methanol than in 
water, as a consequence of either the greater solubility of dihydrogen in 
methanol or the lower stability of [RhH 2 (amphos) 2 (H 2 0) 2 ] 3+ as compared 
with [RhH 2 (amphos) 2 (MeOH) 2 ] 3+ . An excess of amphos is undesirable 
because it prevents olefin coordination. 

Addition of three equivalents of the L 3 ligand to [RhCl 3 * 3H 2 0] affords 
an air-stable catalyst that converts numerous unsaturated carboxylic acids 
to their saturated analogs. It was shown by 31 P NMR spectroscopy that the 
system is in fact a mixture of the oxide OL 3 (75%), the dimeric complex 
[RhCl(L 3 ) 2 ] 2 (15%), and the monomer [RhCl(L 3 ) 2 (H 2 0) x ] (10%) (170). 

Several rhodium(I) complexes containing water-soluble bidentate 
ligands derived from bis[2-(diphenylphosphino)ethyl]amine 1 have been 
investigated as catalyst precursors in the homogeneous hydrogenation of 
acids (11,12). The rhodium complex made from 13 was the easiest to 
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prepare. It was the most effective catalyst for the hydrogenation of a- 
acetamidoacrylic acid—turnover frequencies higher than 275 hour^ 1 were 
found at 2.3 bar and at room temperature. Accordingly, it was used for 
other substrates. 

The advantageous addition of surfactant must also be emphasized. In¬ 
deed, whereas the rhodium(I) complex containing HOOCCH 2 CH 2 - 
CON(CH 2 CH 2 PPh 2 ) 2 gave a turnover frequency lower than 5 hour -1 
for the hydrogenation of a-acetamidoacrylic acid, addition of sodium 
dodecyl sulfate induced the formation of micelles, which stabilize the 
catalyst and certainly increase the local concentration of the complex and 
presumably that of the substrate within the small volume formed; turnover 
frequencies as high as 120 hour^ 1 were thus reached (12). 

Performances of [HRu(OOCCH 3 )(L 1 ) 3 ], [RuCl^L 1 ),], [HRuCKL 1 ^], 
[RhC^L 1 ^], and [6 • Rh(NBD)][CF 3 S0 3 ] in the hydrogenation of several 
unsaturated substrates are listed in Table VIII. 


C. Asymmetric Hydrogenation 

During the past decade, numerous studies have been devoted to the 
hydrogenation of prochiral substrates in the presence of rhodium com¬ 
plexes containing chiral ligands. Among interesting precursors for amino 
acids, a-amidoacrylic acid 51a and a-amidocinnamic acid 51b have often 
been selected. Thus hydrogenation can occur either in aqueous solution or 
in two-phase systems. 
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1. Asymmetric Hydrogenation in Aqueous Solutions 

Because unsaturated acids are generally reduced in alcoholic solutions, 
attempts were made to vary the solvent composition by adding water and 
using water-soluble chiral ligands. Enantioselectivity fluctuations were 



262 


PHILIPPE KALCK AND FANNY MONTEIL 


TABLE VIII 

Initial Rates for Hydrogenation of Unsaturated Substrate in Aqueous Solution 


Substrate 

Catalyst" 

Temp. 

(°C) 

h 2 

pH 

pressure Initial 
(bar) rates* 5 

Ref. 

trans-HOQC —CH=CH—COOH 

D 

60 

_ 

0.8 

53 

169 


A 

60 

4.8 

1 

92 

167 


C 

60 

1 

1 

49 

167 


E 

60 

7 

2.2 

144 

11 


E 

25 

7 

2.2 

48 

11 


E 

25 

7 

8.4 

130 

11 

cts-HOOC—CH=CH—COOH 

A 

60 

4.8 

1 

92 

167 


C 

60 

1 

1 

23 

167 


D 

60 

— 

0.8 

1270 

169 

trans-U 3 C —CH=CH—COOH 

A 

60 

4.8 

1 

198 

167 


B 

60 

6-7 

1 

164 

167 


C 

60 

1 

1 

23 

167 


D 

60 

— 

0.8 

180 

169 


E 

25 

7 

2.2 

13 

11 

Ph—CH=CH—COOH 

A 

60 

4.8 

1 

92 

167 


C 

60 

1 

1 

30 

167 


D 

60 

— 

0.8 

46 

169 

//yws-4(OH)C 6 H 4 —CH=CH—COOH 

E 

25 

7 

2.2 

13 

11 

CH 2 =C(COOH)—CH 2 —COOH 

C 

60 

1 

1 

84 

167 

CH 2 =CH—CH=CH—COOH 

A 

60 

4.8 

1 

175 

167 

CH 2 =C(NHAc)COOH 

E 

25 

7 

2.2 

>200 

11 

(Z)—Ph—CH=C(NHAc)COOH 

E 

25 

7 

2.2 

>30 

11 

CH 3 —CO—COOH 

A 

60 

4.8 

1 

46 

167 


C 

60 

1 

1 

157 

167 


D 

60 

— 

0.8 

35 

169 


E 

25 

7 

2.2 

14 

11 

C 6 H 5 —CO—COOH 

A 

60 

4.8 

1 

46 

167 


C 

60 

1 

1 

115 

167 

CH 3 —(CH 2 ) 2 —CO—COOH 

A 

60 

4.8 

1 

74 

167 


C 

60 

1 

1 

70 

167 


D 

60 

— 

0.8 

18 

169 

CH 3 —CO—(CH 2 ) 2 —COOH 

A 

60 

4.8 

1 

25 

167 


C 

60 

1 

1 

13 

167 


D 

60 

— 

0.8 

9 

169 

HOOC—(CH 2 ) 2 —CO—COOH 

A 

60 

4.8 

1 

67 

167 


C 

60 

1 

1 

95 

167 

HO—CH 2 —CO—CH 2 OH 

C 

60 

— 

1 

60 

167 


D 

60 

1 

0.8 

12 

169 

CH 2 =CH—CH 2 —OH 

D 

60 

— 

0.8 

111 

169 


E 

25 

7 

2.2 

19 

11 

“A, IHRutCHjCOOXL’^]; B, 

[RhCl 2 (L ] ) 2 ]; 

C, [HRuC1(L') 3 ]; 

D, 

[RhCKL 1 ),]; 

H, 


[6* Rh(I)(NBD)] + Tf 

b Expressed as moles of H 2 per mole of catalyst per hour. 
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generally observed and were attributed not only to the modifications on the 
ligand but also to solvent effects. 

The first application of the use of mixed solvents was made on chiral 
ferrocenylphosphines (171), which proved to be very effective for asym¬ 
metric hydrogenation in methanol or ethanol (81,82). The (S)-a-[(/?)-T,2- 
bis(diphenylphosphino)ferrocenyl] ethyldimethylamine 53 , abbreviated 
(S)-(/?)-BPPFA, coordinated to rhodium(I), induced higher optical yields 
in water than in alcohols. Such an improvement in enantioselectivity was 
interpreted as a consequence of the interactions between the amino substi¬ 
tuent of 53 and the carboxylic group of the substrate (171). 

In contrast to these results, the carboxylated and sulfonated diphos¬ 
phines 22 and 23, derived from 16, exhibit a slightly lower enantioselectiv¬ 
ity in water than that obtained in ethanol for the hydrogenation of 51a and 
51b (71). The same trend but with a smaller variation between the two 
kinds of solvents was observed when 51a was reduced with the pyrrolidi- 
nium-rhodium species 54 (52). The influence of the composition of the 

r "1 2 + 



L J IBf 4 ] 2 

54 

water/alcohol mixture was studied by Sinou et al. (172,173) and extended 
by Toth et al. with the object of explaining the lower optical yields in water 
(174). The results are summarized in Table IX (172-176). 

It appears that the enantiomeric excess obtained in water with a 1,2- 
diphosphine is generally close to that observed in ethanol, whereas greater 
differences are observed with 1,3- and 1,4-diphosphines. Indeed, when 
using DIP AMP 55, norphos 56, or chiraphos 18, the enantioselectivity is 




PPh 2 


NORPHOS 


55 


56 



TABLE IX 


Influence of Solvent on the Asymmetric Hydrogenation of 
Several Unsaturated Acids 0 


Substrate 

Ligand 

Solvent 

Enantiomeric 
excess (%) 

Configuration 

Ref. 

51a 

26 l6 b 

EtOH 

43 

R 

73 



EtOH/HjO (75/25) 

39 

R 

73 



EtOH/H 2 0 (50/50) 

36 

R 

73 



EtOH/HjO (25/75) 

33 

R 

73 



h 2 o 

11 

R 

73 


26 42 b 

EtOH 

46 

R 

73 



h 2 o 

10 

R 

73 

51b 

55 b 

EtOH 

98 


175 



EtOH/HjO (50/50) 

98 


175 


56 b 

EtOH 

95 


176 



EtOH/HjO (50/50) 

94 


176 


18d c 

MeOH 

90 

R 

174 



H 2 0 

90 

R 

174 


20a'’ 

EtOH 

73 


173 



EtOH/H 2 0 (85/15) 

70 


173 



Et0H/H 2 O (75/25) 

68 


173 



EtOH/HjO (50/50) 

63 


173 



EtOH/HjO (20/80) 

43 


173 



h 2 o 

33 


173 


20d c 

MeOH 

91 

R 

174 



MeOH/H 2 0 (50/50) 

73 

R 

174 



MeOH/H 2 0 (20/80) 

70 

R 

174 


21a 6 

EtOH 

52 


173 



EtOH/H 2 0 (75/25) 

46 


173 



EtOH/H 2 0 (50/50) 

42 


173 



EtOH/H 2 0 (25/75) 

36 


173 



H 2 0 

28 


173 


26 16 6 

EtOH 

69 

R 

73,172 



H 2 0 

30 

R 

73,172 


26 42 6 

EtOH 

65 

R 

73 



h 2 o 

30 

R 

73 

51c 

18d f 

MeOH 

75 

R 

174 



H 2 0 

74 

R 

174 


26 16 6 

EtOH 

60 


73 



EtOH/H 2 0 (50/50) 

46 


73 


26 42 6 

EtOH 

50 


73 



EtOH/H 2 0 (50/50) 

43 


73 

52 

26 16 6 

EtOH 

39 

S 

73 



H 2 0 

20 

S 

73 


26« 6 

EtOH 

47 

S 

73 



H 2 0 

9 

S 

73 


“Conditions: T = 25°C; 1 bar of H 2 partial pressure. 
b Complex involved in the reaction is [Rh(C0D)(ligand)][C10 4 ], 
c Complex involved in the reaction is [Rh(diene)(ligand)][BF 4 ] 5 . 
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H 



H 

17 (DIOP) 



PX 2 PX 2 
18 (CHIRAPHOS) 



PX 2 PX 2 



20 (SKEWPHOS) 


2 1 (CBD : cyclobutanediop) 


X 


c 6 h 5 


[m-C^SOjNa] 

a 

[p-C 6 H 4 NMe 2 | 

b 

[p-C 6 H 4 NMe 3 ) + [BF 4 r 

c 

(p-C6H 4 NHMe 2 f[BF 4 r 

d 


not affected by water addition (73 y 175,176), whereas the polyoxadiphos- 
phines derived from DIOP 17 (73,172), the tetrasulfonated CBD or skew- 
phos ligands (173), and the aminated skewphos (174) induce large de¬ 
crease in enantiomeric excess (e.e.) when water is added (see Table IX). 
This solvent effect has been discussed by Landis and Halpern (177). 
Enantiodiscrimination is achieved by the reactivity difference between the 
two diastereomeric forms of [RhL 2 (51b)] + toward dihydrogen addition. 
Indeed, it was shown that the less stable isomer reacts much faster than the 
major one. The resulting enantioselectivity is governed by the difference 
between the free energies of the two transition states. The stabilities of the 
two diastereomeric species [RhH 2 L 2 (51b)] + thus obtained are strongly 
dependent on solvation effects. Because water significantly reduces this 
difference, enantioselectivity is decreased (73). 

More recently, a detailed investigation carried out by Sinou and co- 
orkers has revealed that the lowering in enantioselectivity for the 
reduction of acids in water must be attributed to a modification of the 
solvophobic parameter rather than the solvent polarity (173). However, 
in some cases, the solvent effect is low and introduction of a polar 
function is sufficient to alter the enantioselectivity, as shown in Table X. 
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TABLE X 


Influence of Ligands on the Reduction of Acids Carried Out in Alcohols" 


Substrate 

Ligand 

Solvent 

Enantiomeric 
excess (%) 

Configuration 

Ref. 

51a 

20 

MeOH 

90 

R 

174 



MeOH 

88 

R 

174 


17 

EtOH 

81 


73 


26 16 

EtOH 

43 


73 


26« 

EtOH 

46 


73 


17 

MeOH 

73 

R 

174 


17b 

MeOH 

8 

S 

174 

51b 

18 

MeOH 

89 

R 

174 


18b 

MeOH 

87 

R 

174 


18d 

MeOH 

90 

R 

174 


20 

MeOH 

96 

R 

174 



MeOH 

92 

R 

174 


20d 

MeOH 

91 

R 

174 


17 

EtOH 

81 


73 


26 16 

EtOH 

69 


73 


26« 

EtOH 

65 


73 


17 

MeOH 

82 

R 

174 


17b 

MeOH 

59 

S 

174 


21 

EtOH 

82 


173 


21a 

EtOH 

52 


173 


"Reaction conditions: T = 25°C; 1 bar of H 2 partial pressure. 


Amino groups have been introduced by Toth et al. in DIOP 17, skew- 
phos 20, and chiraphos 18 ligands. Only functionalization in DIOP resulted 
in a decreased enantiomeric excess (174). It was postulated that enan- 
tioselection is not generated by the substituents but by the ligand chelate 
ring conformation that derives from them. DIOP, with other 1,4- 
diphosphines, leads to flexible seven-membered rings that adopt different 
chelate conformations according to the substituents. The chair or twisted 
boat conformations induce opposite optical yields. Tri- or tetrasulfonated 
chiraphos give the same optical yields (77) and this phenomenon can be 
interpreted as being due to the formation of a rather rigid five-membered 
ring. 

The introduction of a metal center in the specific chiral site of a protein is 
an attractive way to obtain chiral diphosphine rhodium(I) complexes. The 
only efficient one for the hydrogenation of 51a is avidin, which is attached 
to rhodium by means of biotin, previously converted into a chelating 
diphosphine by the Whitesides procedure (72,79). With an easier synthetic 
method, this moiety exhibits enantiomeric excess higher than 40% pro- 
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vided that an excess of one equivalent of avidin is added. However, lower 
enantioselectivity (e.e. 30%) was obtained with a rhodium complex con¬ 
taining the synthetically prepared ligand 14 (44). 

Because hydrogen is less soluble in water than in organic solvents such as 
alcohols, it was of great interest to explore the hydrogenation of a,/3- 
unsaturated carboxylic acids in an aqueous solution with formate as the 
hydrogen source and with rhodium complexes containing water-soluble 
ligands (178). Hydrogenation of a-acetamidocinnamic acid 51b with ammo¬ 
nium formate and a 21a/Rh complex yielded a higher enantiomeric excess 
(43%) than that obtained using molecular dihydrogen (28%) (173), show¬ 
ing the usefulness of modifying these systems. 

2. Two-Phase Asymmetric Hydrogenation 

In order to separate easily the reaction products from the catalyst, 
asymmetric hydrogenation of the same substrates has been conducted in 
aqueous-organic two-phase solvent systems. Results are reported in Ta¬ 
ble XI (179). Of these experimental values, substrate 51d is noteworthy in 
that it is not water soluble and is not reduced when slurried in aqueous 
solution. Moreover, the optical yields obtained in two-phase systems are 
close to those observed in the absence of organic solvents, so that it can be 
confirmed that catalysis occurs in the water bulk. However, it has been 
shown by Laghmari and Sinou that water acts not only as a solvent but also 
as a reactant. Indeed, they proved that hydrogenation of 51a and 51c in an 
Ac0Et/D 2 0 two-phase system involved an appreciable amount of deuter¬ 
ium incorporation (180). From Table XI, it appears that ligand 18 leads to 
the most efficient catalysis, which induces enantiomeric excesses up to 87%, 
regardless of the nature of the substituents. In addition to the high selecti- 
vities observed, the aqueous solutions can be reused several times without 
any loss of enantioselectivity (77,174,179). 

D. Special Application to Hydrogenation of Lipids 

Because cell membrane fluidity is connected with biochemical and biolo¬ 
gical processes, several attempts have been made to modulate it, e.g., 
genetic manipulations, drug treatments, nutritional supplements, or 
changes in environmental temperature (181,182). Nevertheless, homo¬ 
geneous hydrogenation of unsaturated fatty acids associated with the 
phospholipids of biomembranes appears to be more attractive than other 
methods, due to its ability to change membrane fluidity at a mild tempera¬ 
ture, with the selectivities generally provided by homogeneous catalysis 
(182). 
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TABLE XI 


Two-Phase and Slurry Reduction of Enamides with [Rh(diene)(ligand)] + at Ambient 

Temperatures 




Ph 2 

Enantiomeric 



Substrate Ligand 

Solvent 

(bar) 

excess (%) 

Configuration 

Ref. 

51b 21a 

AcOEt/H 2 0 (2/1) 

1 

51 


75 


AcOEt/H 2 0 (1/1) 

1 

34 

5 

77 



1 

IT 

5 

77 


AcOEt/H 2 0 (1/1) 

5 

21 


76 

18a 

AcOEt/H 2 0 (2/1) 

10 

87 

R 

11 

18c 

H 2 0, slurry 

14 

94 

R 

174 

18d 

H 2 0, slurry 

14 

90 

R 

174 

17c 

H 2 O t slurry 

14 

25 

S 

174 

17d 

H 2 0, slurry 

14 

34 

S 

174 

20a 

AcOEt/H 2 0 (1/1) 

15 

65 

R 

77 

20c 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

67 

R 

179 


H 2 0, slurry 

14 

67 

R 

174 

20d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

73 

R 

174 


H 2 0, slurry 

14 

71 

R 

174 

51c 17c 

H 2 0, slurry 

14 

8 

S 

174 

17d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

25 

S 

174 

18a 

AcOEt/H 2 0 (1/1) 

5 

82 


77 



5 

86° 


77 


CH 2 C1 2 /H 2 0 (1/1) 

10 

89 


77 


c 6 h 6 /h 2 o (1/1) 

10 

70 


77 


AcOEt/H 2 0 (1/1) 

10 

81 

R 

77 


AcOEt/H 2 0 (2/1) 

10 

80 


75 

18c 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

75 


174 



14 

IT 


174 



14 

IT 


174 


H 2 0, slurry 

14 

68 

R 

174 

18d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

74 

R 

174 

20a 

AcOEt/H 2 0 (1/1) 

15 

45 

R 

77 

20c 

H 2 0, slurry 

14 

40 

R 

174 


Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

44 


179 



14 

43° 


179 



14 

41* 


179 



14 

42 c 


179 

20d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

50 

R 

174 

21a 

CH 2 C1 2 /H 2 0 (1/1) 

1 

12 

S 

77 


C 6 H 6 /H 2 0 (1/1) 

1 

12 

S 

77 


AcOEt/H 2 0 (1/1) 

1 

20 

S 

77 



1 

23° 

S 

77 

51d 18a 

AcOEt/H 2 0 (2/1) 

10 

86 

R 

77 

20a 

AcOEt/H 2 0 (1/1) 

15 

44 

R 

77 

20c 

H 2 0, slurry 

14 

_ d 


179 

21a 

AcOEt/H 2 0 (2/1) 

1 

13 

S 

77 
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TABLE XI ( continued ) 


Substrate 

Ligand 

Solvent 

(bar) 

Enantiomeric 
excess (%) 

Configuration 

Ref. 

51e 

17c 

Ac0Et/C 6 H<j/H 2 0 (0.5/0.5/1) 

14 

9 

5 

174 


17d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

11 

5 

174 


18c 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

65 

R 

174 


18d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

58 

R 

174 


20c 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/71) 

14 

54 

R 

174 


20d 

Ac0Et/C 6 H 6 /H 2 0 (0.5/0.5/1) 

14 

67 

R 

174 

51f 

17c 

H 2 0, slurry 

14 

42 

S 

174 


17d 

H 2 0, slurry 

14 

67 

S 

174 


18c 

H 2 0, slurry 

14 

93 

R 

174 




14 

95 fl 

R 

174 




14 

90* 

R 

174 


18d 

H 2 0, sluury 

14 

88 

R 

174 


20c 

H 2 0, slurry 

14 

76 

R 

174 


20d 

H 2 0, slurry 

14 

79 

R 

174 


21a 

AcOEt/H 2 Q (2/1) 

1 

37 

S 

77 


Catalyst reused. 
b Catalyst reused twice. 
c Catalyst reused three times. 
^No conversion was observed. 


In 1976, Chapman and Quinn showed that unsaturated membrane lipids 
could be hydrogenated with [RhCl(PPh 3 ) 3 ], but the complex needed an 
organic vector, such as tetrahydrofuran or dimethyl sulfoxide, to be intro¬ 
duced into the liposomes or the biomembranes. Once trapped in the 
hydrophobic membrane structure, the catalyst cannot be removed without 
disruption of the membrane structure (181,182). The use of [RhCl(L 1 ) 3 ] 
( 183-185 ), [HRh(CO)(L 1 ) 3 ] (186), [RhCl(dpup) 2or3 ] [dpup = bis(sodium- 
diphenylphosphinoundecylphosphate)] (184), and [RuC1 2 (L 1 ) 2 ] (185) 
allowed for an easier catalyst removal. For instance, after the complete 
hydrogenation of liposomes, Madden et al. removed up to 70% of 
[RhC^L 1 ^] with an anion-exchange resin (183). Ruthenium works faster 
than rhodium at “physiological” temperatures. In addition, for each 
catalyst, a decrease in reaction rates is observed as the substrate is hydro¬ 
genated until it reaches a plateau. This phenomenon has been attributed to 
the increase of the lipid phase viscosity, thus hampering the diffusion of the 
catalyst (183). 

Owing to the amphiphilic properties of the catalyst, the reaction was 
shown to occur at the interface of the hydrocarbon substrate and the polar 
aqueous phase (183). Some 85% of [RhC^L 1 )^ proved to be associated 
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with the lipid fraction, the remainder staying in the aqueous phase, pre¬ 
sumably in micellar association. Because a change in the catalyst concen¬ 
tration had no significant effect, it was assumed that the critical micellar 
concentration was exceeded providing a constant monomer concentration 
so that no more catalyst was found in the bilayer (184). As the sulfonate or 
the charged groups remain in close proximity to the polar substrate ter¬ 
minations, the catalyst cannot penetrate entirely into the bilayer, and the 
double bonds, which are located at the surface, are preferentially reduced 
(186). Thus, hydrogenation of fatty acids can be achieved with great 
selectivity. 


VI 

MISCELLANEOUS STUDIES 

A. Addition to Unsaturated Compounds 

Preparation of the water-soluble P(CH 2 OH) 3 ligand has been achieved 
by direct addition of formaldehyde to PH 3 catalyzed by the complexes 
[Pt(P(CH 2 OH) 3 ) 4 ] or [Pd(P(CH 2 OH) 3 ) 4 ] (107). However, addition reac¬ 
tions catalyzed by water-soluble complexes have been essentially confined 
to olefinic compounds. The Michael reaction especially has been shown to 
be catalyzed cleanly by rhodium/L 3 systems. Indeed, activated CH 2 groups 
have been selectively added to isoprene, myrcene, or /3-farnesene, which 
have the general framework H 2 C=C(R)—CH=CH 2 . The reaction was 
carried out in Na 2 C0 3 solutions (187,188). Presumably, the rhodium spe¬ 
cies activates the C-H bond of the CH 2 moiety to afford a hydride complex 
that gives an ally lie group with the conjugated diene. Thus, 1,2- and 1,4- 
additions were obtained. High selectivities were observed, but optimal 
conversions (91.5% for isoprene, 76.3% for pentane-2,4-dione) were 
reached when addition of these two reactants was carried out at 80°C, 
during 6.5 hours, with a L 3 :Rh molar ratio greater than 3. Interestingly, 
addition of a cosolvent such as alcohol improved the kinetics via the 
transfer rate between the two phases, as illustrated by addition of methanol 
for the condensation of methyl acetyl acetate with myrcene (188). For 
example, the rate proceeds twice as fast when going from a medium 
containing 20 ml of water to one containing 15 ml of H 2 0/5 ml CH 3 OH. In 
regard to the mechanism, it was assumed that the CH 2 Z 1 Z 2 substrates 
generate the active species [Rh(L 3 ) 3 CHZ 1 Z 2 ] (189). A catalytic cycle such 
as that proposed in Scheme 13 involving an i 7 3 -allylic intermediate accounts 
for the high selectivity of the reaction. 
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Scheme 13. Addition of active methylene-containing compounds to conjugated dienes. 


Interestingly, compounds that have a terminal 1,3-diene structure substi¬ 
tuted in the 3-position could be selectively extracted from a Ci 5 fragment 
according to this reaction. For instance, using acetyl methyl acetate, only 
the two products, 58 and 59, were obtained from 57, the other dienes being 


q 0 H 17 - ch 2 - c-ch = CH2 
CH 2 


q 0 H 17 - CH 2 



CH 2 — ch 


/ COOCH3 
X COOCH 3 


57 


58 


q () H i 7 - ch 2 - 



CH- CHj- CH 


/ 

\ 


COOCH3 

COOCH3 


59 
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untouched. This chemical purification method is important for the prepara¬ 
tion of intermediates in vitamin E synthesis (190). Moreover, the same 
Rh/L 3 systems also catalyze the condensation of myrcene, isoprene, and 
butadiene with secondary cyclic amines (191). The reaction takes place in 
water and at 100°C with high selectivities, giving the three isomers 
R(Me)C=C(R)CH 2 NR 1 R 2 , RC(=CH 2 )CH(R)CH 2 NR 1 R 2 (resulting 
from the 1,4- and 1,2-additions, respectively) and R(Me)CHCR= 
CHNR ! R 2 in low yield. 

Hydrocyanation of alkenes occurs readily in water at 80°C in the pre¬ 
sence of Ni°/L 3 systems (192). Beside obtaining yields greater than 80% 
with respect to HCN and high reaction rates, as well as high selectivity in 
linear nitrile up to 92%, catalyst recycling could be achieved without any 
loss in activity. Finally, selective hydration of acetylene to acetaldehyde 
was carried out by Taqui Khan et ai by using the catalyst precursor 
K[Ru(EDTA-H)Cl] at 80°C and 1 bar (193). 


B. Carbonylations 

Allyl chloride and benzyl chloride appear to be versatile starting mate¬ 
rials for hydroxycarbonylation or alkoxycarbonylation [Eq. (26)], either in 
aqueous alkaline solution or in organic two-phase systems, in the absence 
of phase transfer catayst (194-196). 

RCH 2 C1 + CO + R'OH-^ RCH 2 COOR + HC1 (26) 

where R = CH 2 =CH, C 6 H 5 and R' = H, CH 3 , C 2 H 5 . Whereas this car- 
bonylation requires drastic reaction conditions in homogeneous media, it 
occurs under atmospheric pressure and at mild temperatures when 
[PdCl 2 (L 1 ) 2 ] is used in a two-phase system (194,196). In this case, any 
excess of L 1 ligand is undesirable because it results in long induction 
periods by hampering the reduction of Pd(II) to the active Pd(0) species. 

Having previously shown that reduction of allylic compounds with 
sodium formate and palladium complexes containing water-soluble phos¬ 
phines takes place in the aqueous phase (197), Okano et ai proposed that 
transfer of substrate occurs from the organic to the aqueous phase subse¬ 
quent to its coordination to a Pd(L 1 ) n species (197). For our part, we have 
carried out hydroxycarbonylation of bromobenzene in two-phase systems, 
but using Pd(L 3 ) n complexes, which are insoluble in organic solvents (198). 
To account for the high yields obtained, we consider that the transfer of the 
substrate in the aqueous phase takes place prior to coordination to the 
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palladium complex. Okano et ai have also studied the influence of organic 
solvents and showed that polar solvents favor faster carbonylation of 
benzyl chloride (196). Nevertheless, M-butanol as solvent was not conve¬ 
nient because it led to benzyl rc-butyl ether (42%) by the Williamson 
reaction. Surprisingly, no ester formation was observed, whereas signi¬ 
ficant amounts of methyl benzoic ester were obtained with water/methanol 
mixtures. The latter results can be interpreted as resulting from a competi¬ 
tion between the alcoholysis and hydrolysis of the aroyl species 
[(L 3 )„PdCOPh] (198). Moreover, complete conversion of benzyl chloride 
was achieved with [Ru(III)-EDTA] systems in ethanol/water solvents, 
leading to phenylacetic acid and ethyl phenyl acetate with a turnover 
frequency of 44 hour -1 (195). A mechanism quite similar to that generally 
accepted for palladium complexes has been proposed, but no precise 
details about the exact role of water or ethanol have been given. 

Interestingly, carbonylation of ammonia, diethylamine, and triethyla- 
mine is catalyzed by [Ru(EDTA-H)(CO)]~ in aqueous media under a CO 
partial pressure of 5-30 bar and at temperatures in the range 80-100°C 
(199,200). Triethylamine gave 100% diethylpropionamide whereas 
diethylamine gave 80% N,N -diethylformamide in addition to 20% 
MN-tetraethylurea, and NH 3 yielded 70% urea, 5% formamide, and 
by-products. Formation of urea requires a N-H bond in the substrate. 
From the two proposed mechanisms, we believe that oxidative addition 
of the N-H bond is likely to occur. 


C. Telomerizations 

Telomerization of butadiene with methanol was patented in 1976 by 
Rhone-Poulenc Industries. Palladium salts were used as precursors with 
the L 3 ligand (201). Reactions carried out in basic media at 30°C led to 56% 
conversion of butadiene and 95% selectivity in l-methoxy-2,7-octadiene. 
Several examples were given using other dienes or metal precursors. The 
main results are the high linearities of the telomer. 

Quaternized aminophosphines have been prepared by Peiffer et al. and 
studied in the telomerization of butadiene and isoprene (41). Satisfactory 
results were obtained for butadiene; at 80°C and for 20 hours 80% con¬ 
version and 78% selectivity in linear product were reached. However, 
isoprene gave conversions no higher than 52% with only 25% of 1-meth- 
oxy-2,7-dimethyl-2,7-octadiene. Large amounts of high-molecular-weight 
products were formed. Moreover, the catalytic activity was maintained 
by recycling the aqueous phase and the selectivity was slightly improved. 
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D. Oxidations 

Until the last decade, catalysts generally used for oxidations were co- 
balt(II) complexes, porphyrinic iron(II), or manganese(II) complexes. 
The hard donor EDTA ligand can also give dioxygen complexes. Whereas 
the Ti(IV) peroxo compound [Ti(EDTA)(0 2 )] 2_ was formed either from 
the addition of dioxygen to the species [Ti(EDTA)(H 2 0)] _ or from the 
addition of H 2 0 2 to titanium(IV) complexes (202), Ru(III) was the first 
platinum metal to be reported to form dioxygen compounds with EDTA- 
type ligands in aqueous media. Indeed, equilibria between numerous hy- 
droxo or peroxo compounds formed by addition of dioxygen to ruthenium 
complexes containing aminocarboxylic acids were identified by potentio- 
metry, spectrophotometry, electrochemical, and gas absorption techniques 
(202-206). The first application of such species was the oxidation of tri- 
phenylphosphine to its oxide (207). 

Ruthenium has also been coordinated to Schiff bases, leading to oxygen 
complexes. Thus, oxidation of cyclohexene could be achieved in water- 
dioxane mixtures by complexes containing the bis(salicylaldehyde)-o- 
phenylenediiminato ligand (saloph) (208). However, the oxidation of 
hydrazine, hydroxylamine, and cysteine occurred in aqueous solution by 
molecular oxygen in the presence of the complex [CO n (TSPC)J, where 
TSPC represents the 3,10,17,24-tetrasulfophthalocyanine ligand (209). 


E. Substitutions 

Palladium complexes maintained in aqueous phase by L 3 ligands are 
particularly attractive for the allylic nucleophilic substitution reactions 
because the separation of the catalyst from heavy organic products is very 
easily achieved. This reaction has been applied to the substitution of an 
allylic hydrogen in cinnamyl acetate, ethyl cinnamyl carbonate, and ethyl 
geranyl carbonate by acetyl ethyl acetate (210). In the latter case, geranyl- 
acetone, a key intermediate for the synthesis of vitamin A, was prepared 
(210). Other nucleophiles, such as ace ty lace tone, morpholine, and sodium 
p-sulfonatobenzyl were then studied, while substrates were extended to the 
epoxy compounds (211). 

C-alkylation of phenols, essentially in ortho and para positions, can 
be performed using rhodium/L 3 systems. Examples are restricted to re¬ 
actions of isoprene or myrcene with many phenols (212). Moreover, al¬ 
kylations of numerous aryl and heteroaromatic halides with aryl or vinyl 
boronic acids, alkynes, an alkene, and a dialkyl phosphite are catalyzed 
by the complex [Pd(L 1 ) 3 ], prepared and characterized by single-crystal 
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X-ray diffraction. The reactions took place in aqueous solutions at temper¬ 
atures that did not exceed 80°C, and in some cases complete conversions 
could be observed (213). Thus this water-soluble Pd(0) catalyst is very 
promising because C-C coupling reactions have previously been de¬ 
veloped only in organic media. 


F. Immobilization of Water-Soluble Complexes on Supports 

Because they contain polar functional groups that are easily ionized, 
water-soluble ligands are particularly suited to the immobilization of tran¬ 
sition metal complexes on ion-exchange resins. Due to their thermal stabil¬ 
ity, cation-exchange resins are generally preferred to anionic exchangers, 
although the latter are used, owing to the presence of the sulfonate or 
carboxylate functions on the ligands. With cation-exchange materials, ami¬ 
no groups are linked either by the quaternary ammonium function to the 
resin in its sodium form or by direct reaction of the amine with the resin in 
the acidic form. Numerous resins have been successfully applied to miscel¬ 
laneous catalytic reactions, for example, hydrogenation, oxidation, and 
hydroformylation ( 115,214-218 ). 

For hydroformylation, aminophosphines have been grafted onto 
macroreticular sulfonated styrene-divinylbenzene resins. The anchored 
ligands were then treated with cobalt, rhodium, or platinum precursors 
(214). Rhodium catalysts were used to hydroformylate 1,5-cyclooctadiene 
at around 100 bar and 80°C giving —55% cyclooct-4-enecarboxaldehyde 
and 45% 1,3-cyclooctadiene, resulting from the isomerization of the sub¬ 
strate. With cobalt catalysts obtained from [Co 2 (CO) 8 ], only hydroformyla¬ 
tion occurred, but with low rates, in contrast to the [HCo(CO) 3 (PBu 3 )] 
system, which affords alcohols. Starting from hex-l-ene, linearities of 
heptanal were near 70%. Precursors of the type [Pt(H)(SnCl 3 )L 2 ] con¬ 
verted hex-l-ene into C 7 aldehydes with selectivities as high as 98% and 
linearities of 91%. The rates here also dramatically decreased with respect 
to analogous homogeneous systems (214). 

The p-(dimethylphosphino)-A r ,W-dimethyl or diethylaniline ligands 
are protonated on the nitrogen atom by the strongly acidic resins (216). 
These supported ligands are reacted with [Rh 2 Cl 2 (CO) 4 ] to generate 
[RhCl(CO)L 2 ]-type precursors, which were then evaluated in the hydro¬ 
formylation of oct-l-ene at —60 bar and 80°C. This substrate was converted 
into 99.9% n- or iso-C 9 aldehydes. However, the linearity was a deceptive 
70% (216). Similar results were obtained at slower rates starting from 
p-(diphenylphosphino) benzoic acid anchored on basic exchange resins 
(216). 
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Contrary to these results, hydrogenation of classic substrates such as 
hex-l-ene, cyclohexene, styrene, or crotonic acid and related unsaturated 
acids shows results very similar to the homogeneous systems ( 115,217- 
219). It was generally found that the ionic substituents of the ligands far 
enough from the metal center do not exert a significant influence on the 
catalytic performances. The main advantage is the catalyst recovery by a 
simple filtration process. In addition, the metal can be reextracted from 
the support by elution with classic reagents. Several recycling experiments 
were identified with almost no appreciable loss of activity. Moreover, 
during the asymmetric hydrogenation of methyl (Z)-/V-acetylamino- 
cinnamic acid methyl ester, catalyzed by rhodium quaternized chiral 
ditertiary phosphines supported on cationic resins, it was shown that the 
conversion was unchanged until six recyclings, and the enantiomeric ex¬ 
cess was essentially maintained (219). 

Oxidation reactions have also been demonstrated by autoxidation of 
thiols catalyzed by cobalt(II)-supported chelates [Eq. (27)]. Cobalt(I) was 
obtained after reaction so that regeneration of the active species required 
an oxidation by air or, alternatively, treatment with aqueous iron(III) 
solutions (215). 

2Co(II) + 2RSH —► RSSR + 2H+ + 2Co(I) (27) 

Mineral clays, which present a layer structure consisting of alternating 
layers of cations and negatively charged silicate sheets, are also attractive 
heterogenizing materials. Indeed, active ionic species can be intercalated 
by ion metathesis. Whereas simple metal cations were previously intro¬ 
duced in these clays, coordination through positively charged ligands, such 
as Ph 2 PCH 2 CH 2 P + Ph 2 (CH 2 Ph) (PP + ), is an interesting way to immoblize 
the catalyst. This PP + ligand was added to [Rh 2 Cl 2 (COD) 2 ] in the presence 
of triphenylphosphine (PP + : PPh 3 : Rh molar ratio of 1:1:1). This system 
hydrogenated hex-l-ene with activities very similar to those obtained in the 
homogeneous phase (220). 

Recently, a novel family of immobilized catalysts has been developed in 
order to improve chemical reactions at the interface of the two liquid 
phases. This new method, called “supported aqueous phase catalysis” 
(SAPC), consists in dissolving a water-soluble organometallic complex in a 
thin film of water, which is then supported on a high-surface-area hydro¬ 
philic solid such as silica (221). The solid thus impregnated is contacted 
with the immiscible liquid organic reactants, which diffuse from the bulk 
phase into the porous solid. 

This novel supported catalysis presents great advantages when compared 
with the two-phase systems. Indeed, in contrast with the latter systems, 
reaction was shown to occur at the aqueous-organic interphase. Thus the 
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solubility of reactants in water is not a limiting factor, as shown by similar 
activities and selectivities obtained when hex-l-ene, oct-l-ene, and dec-1- 
ene were hydroformylated with [HRh(CO)(L 3 ) 3 ]/L 3 in a silica-supported 
aqueous phase (222). Moreover, a large enhancement in activity was 
observed by immobilization of the catalysts. Similarly, this system dramati¬ 
cally improves the hydroformylation of oleyl alcohol (96.6% conversions 
to aldehydes after 5.5 hours), which did not occur after 13 hours in a two- 
phase system (223). The same trends were observed with [Co 2 (CO) 6 - 
(L 1 ) 2 ], which is twice as active when immobilized on a hydrophilic 
support (224). This behavior was attributed to the increase in surface 
area between the two phases or, in some cases, to the stabilization of the 
complex, which decomposes in aqueous phase. However, immobilization 
induces changes in active species, so that the n:i ratio can be decreased or 
improved. This method is very attractive because loss of cobalt can be 
dramatically minimized and significant leaching of rhodium is avoided 
(222-224). 


G. Photocatalytic Reactions 

Photocatalytic hydrogenations and hydroformylations have been 
achieved in aqueous media by using water as a hydrogen source. An 
early method involved [Ru(bipy) 3 ] 2+ as a photosensitizer, ascorbate (or 
more frequently, EDTA) as a sacrificial electron donor to reduce the 
Ru(II) complex in [Ru(bipy) 3 ] + , methyl viologen as an electron relay, 
and a transition metal catalyst (225 , 226). The latter was added in metal 
colloid form to hydrogenate ethylene and acetylene, whereas hydrogena¬ 
tion and hydroformylation of these substrates were achieved, respectively, 
via [ClRh(H) 2 (L 1 ) 3 ] 3 “ and [RhH(CO)(L 1 ) 3 ] 3_ , both derived from 

WlV* 

The photosplitting of water was also observed in the presence of semi¬ 
conducting CdS powders previously loaded with Pt or Rh and Ru0 2 
(227-231). Their irradiation in aqueous solution excites an electron from 
the valence band to the conduction band (band gap of 2.4 eV). Electrons 
of the valence band are supplied by Ru0 2 -catalyzed photooxidation of 
water to 2H + and ^0 2 or by oxidation of a sacrificial electron donor such as 
EDTA. At the conductance band, although ethylene and acetylene were 
shown to be directly reduced (227), water-soluble Ru complexes are gener¬ 
ally competing favorably for electrons with H + (230,231), due to their 
negative potentials. Indeed, for the reduction of dinitrogen to ammonia, 
electron transfer to [Ru n (EDTA-H)N 2 ] gives the intermediate [Ru 1 - 
(EDTA-H)N 2 ] 2 “, which is then subject to protonation and electron trans- 
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fer to afford NH 3 and [Ru n (EDTA-H)(H 2 0)]~ (229). The hydrogenation 
of cyclohexene requires electron transfer to [Ru m (EDTA-H)(H 2 0)], thus 
leading to [Ru n (EDTA-H)(H 2 0)]“, and the H 2 0 ligand is then displaced 
by the olefin (231). 


VII 

CONCLUSION 

Catalysis employing water-soluble complexes appears to be very useful. 
The principal advantage is that the organic products can be separated 
easily from the aqueous phase containing the active species. In addition, 
high selectivities are often obtained. These systems are generally well 
adapted to light substrates that are sufficiently soluble in water. However, 
they are less efficient for heavy organic compounds due to their lower 
solubility, thereby reducing both the reaction rates and the product yields. 
This problem may be solved by the introduction of micellar systems or 
supported aqueous phase catalysts, because catalysis takes place mainly at 
the interface. In our opinion, these two promising methods should be 
widely developed in the future. 
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INTRODUCTION 


A. Crystal Structures of Arene Chromium Complexes 

The syntheses of bis(arene)chromium and (arene)Cr(CO) 3 complexes 
(1-3) naturally prompted questions as to the mode of interaction of the 
metal with the aromatic ring system. An early X-ray crystallographic 
study on (C 6 H 6 ) 2 Cr suggested an alternating pattern of carbon-carbon 
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bond lengths, viz. 1.439 and 1.353 A ( 4 ); however, subsequent determina¬ 
tions (5,6) did not support this view. Eventually, the crystal structure was 
determined at low temperature (100 K) by Keulen and Jellinek (7) and the 
molecule was unequivocally shown to possess D 6h symmetry. These latter 
reports have been reinforced by Haaland’s electron diffraction measure¬ 
ments, which showed that the C-C distances differed by less than 0.02 A (8). 

X-Ray data on (arene)Cr(CO) 3 systems revealed a number of interesting 
features. The staggered isomer is found for (benzene)Cr(CO) 3 and it 
appears as though the octahedrally coordinated metal atom is attached to 
the midpoints of three C=C bonds, as in 1 (9). This observation was 
amplified considerably by a combined X-ray and neutron diffraction study 
at 78 K (10). These low-temperature measurements revealed that the C-C 
bonds in the ring alternate in length, the shortest bonds being trans to the 
carbonyls. The average difference between the “long” and “short” bonds 
was 0.017 A. Moreover, the hydrogen atoms were found to be displaced by 
an average of 0.3 A from the plane of the benzene in a direction toward the 
chromium atom. 



In contrast, in monosubstituted molecules (C 6 H 5 R)Cr(CO) 3 the car¬ 
bonyls are found to eclipse three ring atoms. The favored conformations of 
these molecules in the solid state were enunciated by Carter et al. as the 
result of a series of X-ray crystallographic determinations. Specifically, 
incorporation of electron-donating or electron-withdrawing substituents 
yields the eclipsed rotamers 2 and 3, respectively. The rationale offered to 






Tripodal Rotation in Arene-Cr Complexes 


287 


account for structure 2 is that the electron-donating group, e.g., Me 2 N or 
MeO, polarizes the charge distribution in the ring so as to render the ortho 
and para carbons relatively electron rich. This makes the C-2, C-4, and C-6 
positions better donors to the metal atom and, maintaining the preferred 
octahedral geometry at chromium, the carbonyl ligands are found to 
eclipse the C-l, C-3, and C-5 sites (11). Conversely, complexes bearing 
electron-withdrawing substituents, as in (C 6 H 5 C0 2 Me)Cr(C0) 3 , adopt 
conformation 3 (12). 


B. NMR Measurements 

The initial nuclear magnetic resonance (NMR) data (13,14) on these 
half-sandwich molecules revealed that the proton chemical shifts in tt- 
complexed rings are considerably shielded relative to their resonance posi¬ 
tions in the free arenes. Subsequently, attention focused on whether the 
observed chemical shifts reflected the presence of the single rotamer found 
crystallographically in the solid state or whether the M(CO) 3 tripod was 
spinning freely on the NMR time scale (15). A particularly widely reported 
parameter was the complexation shift , that is, the chemical shift difference 
between corresponding protons in the free ligand and in the M(CO) 3 
complex, where M = Cr, Mo, W. This in turn led to speculation concerning 
the ability of electron-donating or electron-withdrawing substituents to 
transmit their inductive and/or resonance effects through the coordinated 
ring (16,17). 

In 1969 there appeared from Jackson’s laboratory a particularly insight¬ 
ful report that had considerable significance for all future discussions 
of the tripodal rotation problem (18). It was noted that the resonance posi¬ 
tions of the arene ring protons in cis- and ^^-substituted (indane)Cr- 
(CO) 3 derivatives were quite different. In the monomethyl complex 4 


Me 



4 
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6 5.43 Me 



the arene protons H(4) through H(7) are clustered within a narrow range 
(0.18 ppm). In contrast, in (frans-l,3-dimethylindane)Cr(CO) 3 , (5) the 
H-5 and H-7 protons are markedly deshielded relative to H-4 and H-6, 
This observation was rationalized in terms of a favored conformation that 
minimizes the adverse steric interactions between the tricarbonylchromium 
moiety and the proximal methyl group, as depicted in Fig. 1. Moreover, 
these authors went on to propose that “protons lying under superimposed 
metal carbonyl bonds are deshielded relative to the exposed protons.” 

This hypothesis gained rapid acceptance and is still frequently invoked 
more than two decades later (29). Among the recent examples that strongly 
reinforce Jackson’s early observations are those involving the a - and 
/3-Cr(CO) 3 complexes of methyl O-methylpodocarpate (6 and 7, respec¬ 
tively). These diastereomers have been characterized both by X-ray crys¬ 
tallography (20) and by two-dimensional NMR techniques at 500 MHz 
(22). In each case, the arene protons eclipsed by carbonyl ligands resonate 



Fig. 1. Space-filling model of (trans-\ ,3-dimethyIindane)Cr(CO) 3 (5). 
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OH 



at a higher frequency than do their noneclipsed partners. Furthermore, the 
diamagnetic anisotropy of the Cr(CO) 3 group (22) has been used to dis¬ 
tinguish the a- and /3-isomers of (estradiol)Cr(CO) 3 (23), 


II 

KINETIC AND THERMODYNAMICALLY RESTRICTED ROTATION 

The interconversion of two symmetry-equivalent rotamers, such as 8 and 
9 in Fig. 2, will leave the arene nuclei, be they *H, l3 C, 19 F, etc., un¬ 
changed because the effective molecular point group is C s . Moreover, if 
the activation energy for tripodal rotation is low, the l3 C or lv O resonances 
of the three carbonyl ligands will be averaged to singlets. However, if the 
barrier to rotation about the ring centroid-metal axis is raised by steric or 
electronic factors that disfavor the transition state, then the Cr(CO) 3 
moiety can give rise to a 2:1 13 CO peak pattern. 

In cases where the rotamers 10 and 11 coexist in solution and are 
separated by a small barrier, as in Fig. 3, not only will there be rapid 
exchange of the carbonyl environments but also the corresponding proton 
or carbon-13 resonances in the two isomers will be averaged. Now if 10 is 



S N 


/ \ 


/ " V 



. _ ^ \ _ _ 

8 9 


Fig. 2. Tripodal rotation that interconverts symmetry-equivalent isomers 8 and 9. 



10 


Fig. 3. Tripodal rotation that interconverts different eclipsed isomers 10 and 11 . 
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preferred for electronic reasons, but steric factors favor 11, then increasing 
the temperature will shift the equilibrium toward 11 . [This occurs because 
the entropy factor ( TAS ) will gradually overcome the lower enthalpy term 
(A H) of the electronically favored isomer. Consequently, at higher temper¬ 
ature the free energy, AG, favors the sterically less hindered molecule 11 .] 
These changing equilibria are reflected in temperature-dependent chemical 
shifts. To be specific, lowering the temperature increases the fraction of 
conformer 10 in which the CO ligands eclipse the C-3 and C-5 positions; 
thus the observed chemical shift of the meta protons moves gradually 
downfield (i.e., to higher frequency) as the temperature is decreased. 

These concepts, first clearly delineated by Jackson and co-workers 
(18,24), were soon applied to a wide variety of (arene)Cr(CO) 3 systems 
but led to much controversy; a series of claims, counterclaims, and rebut¬ 
tals appeared in the literature (25-30), but some of these contributions 
may have resulted from a misunderstanding of the situation. Thus, the 
failure to observe temperature-dependent l H NMR chemical shift changes 
in (C 6 H 5 -f-Bu)Cr(CO) 3 does not necessarily imply that tripodal rotation 
has slowed on the NMR time scale. If there is a single predominant 
rotamer, e.g 11 , and the tripod executes jumps of 120°, as in Fig. 2, then 
we would not expect to see changes in the proton spectrum at different 
temperatures. Jackson et al. tried to clarify the situation in terms of 
“kinetically restricted rotation” and “thermodynamically restricted rota¬ 
tion” (30). It is the former that is invoked for cases of slowed tripodal 
rotation; this “kinetic restriction” to conformational exchange involves a 
barrier to interchange between two conformers and is quantitatively ex¬ 
pressed as a free energy of activation for that conformational interchange 
(31,32). “Thermodynamic restriction” to conformational exchange, as de¬ 
fined by Mislow and Raban, refers to the situation when the equilibrium 
favors a single rotamer; even if the conformational change is rapid enough 
on the NMR time scale to provide signal averaging, the conformational 
change is still restricted in the sense that the “conformer populations” are 
not equal (31,32). Under ideal circumstances, kinetically restricted rota¬ 
tion will manifest itself by a splitting of the degeneracy of one or more of 
the NMR resonances; thus a 2:1 13 CO pattern for a (C 6 H 5 X)Cr(CO) 3 
complex would be indicative of slowed tripodal rotation on the NMR time 
scale. As we shall see presently, the experimental realization of these 
predictions had to await the advent of very-high-field spectrometers with 
their enormous spectral dispersion. 

In an attempt to construct a system in which a single conformer pre¬ 
dominates in solution, van Meurs et al. (33) prepared the tricarbonylchro- 
mium complex of (r-Bu) 2 CH-Ph, 12. This was assumed to adopt structure 
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11 exclusively and was taken as the standard to which other conformational 
equilibria could be compared. However, a subsequent X-ray crystallog¬ 
raphic determination on 12 revealed that, at least in the solid state, the 
tripod did not lie directly below positions C-2, C-4, and C-6 but was in fact 
twisted by 16° away from the perfectly eclipsed orientation (34). 

The first unequivocal example of slowed tripodal rotation relative to a 
metal-to-arene ring axis was reported by Pomeroy and Harrison (35), who 
observed a splitting of the degeneracy of the ring carbons in [l,4-bis(/- 
butyl)benzene]Ru(CO)(SiCl 3 ) 2 ( 13 ) at low temperature. This work has 


t Bu 



since been extended to other related molecules (36). Nevertheless, even 
taking advantage of the much larger 13 C chemical scale, similar splittings 
were not detectable at -60°C in the case of [l,3-bis(t-butyl)benzene]- 
Cr(CO) 3 ( 14 ) (37), nor even with [l,3,5-tris(t-butyl)benzene]Cr(CO) 2 - 
PPh 3 ( 15 ) (33). Clearly, either the barriers in these systems are too low or 
the chemical shift differences in the chromium complexes are rather small 
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(31). Apparently, these experiments need to be carried out at very low tem¬ 
peratures at the highest magnet strength available. 


Ill 

CHEMICAL REACTIVITY AND TRIPODAL ORIENTATION 


A. Electrophilic Attack on (Arene)Cr(CO) 3 Complexes 

The studies on conformational equilibria involving the preferred orienta¬ 
tions of tripodal moieties raised the question as to whether these factors 
affected the chemistry of the 7r-complexed arene. These went beyond the 
obvious points that the electron-withdrawing character of the Cr(CO) 3 
group increased the acidity of (benzoic acid)Cr(CO) 3 relative to C 6 H 5 - 
C0 2 H, decreased the basicity of (aniline)Cr(CO) 3 with respect to C 6 H 5 - 
NH 2 , and enhanced the susceptibility of (chlorobenzene)Cr(CO) 3 toward 
nucleophilic displacement of halide (79). Interest soon focused on more 
subtle effects such as isomer distributions on acetylation of (alkylbenzene)- 
Cr(CO) 3 complexes. It was shown (39) that the percentage of ortho and 
meta substitution was very much higher than that observed in the free 
ligands. Moreover, increasing the bulk of the alkyl group in the arene ring 
(from methyl, through ethyl and isopropyl to rm-butyl) enhanced the 
degree of meta substitution at the expense of the para isomers. The ra¬ 
tionale proposed was that the transition state for para attack ( 16 ) was dis¬ 
favored when the tripod adopted an orientation that avoided adverse steric 
interactions with the bulky alkyl substituent. As shown in Fig. 4, the phe- 
nonium ion 17 arising from acetylation at the meta position does not suffer 
from such problems and so should be the favored intermediate for elec¬ 
trophilic attack. 





294 


MICHAEL J. McGLINCHEY 



Fio. 4. Phenonium ions formed during acetylation of (f-Bu-C 6 H 5 )Cr(CO) 3 . 


B. Nucleophilic Attack on (Arene)Cr(CO) 3 Complexes 

These concepts have been extended to rationalize the favored sites for 
nucleophilic attack in (arene)Cr(CO) 3 molecules. It has been suggested 
that the regioselectivity of attack of a nucleophile is controlled not only by 
the nature of the arene substituents but also by the conformation of the 
tripod (40-43). There is now ample experimental evidence to support this 
assertion (43). Typically, Rose and co-workers observed 79% attack at the 
eclipsed position of the spiro compound 18. The orientation of the 
Cr(CO) 3 tripod in 18 was established X-ray crystallographically, and an 
analysis of the NMR spectrum in solution leads one to believe that the 
same conformer is favored as was found in the solid state (44). Neverthe¬ 
less, the situation may not be quite as straightforward as it appears at first 
sight. Brocard and Lebibi (45) have noted that when strongly electron- 
donating substituents (MeO, Me 2 N, etc.) or strongly electron-withdrawing 
groups (C0 2 R) are present, then the site of attack appears to be controlled 
more by the electronic effects of the substituents rather than by the orienta¬ 
tion of the tripod. Clearly, this aspect of (arene)Cr(CO) 3 chemistry merits 
further study. 



1. LiCHMeCN 
- 

2. oxidize 


o 


18 


0 


R □ CH(Me ) CN 
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IV 

THEORETICAL CALCULATIONS 

Hoffmann and co-workers (46,47) used the extended Huckel molecular 
orbital (EHMO) approach to delineate some of the factors that influence 
the barriers to tripodal rotation in (arene)Cr(CO) 3 systems. These seminal 
contributions not only led to a rationalization of many of the previously 
reported observations but also prompted synthetic chemists to devise 
experimental tests for the predictions. It was shown initially that in 
(benzene)Cr(CO) 3 the tripod should behave as an almost unhindered 
rotor; this is in accord with the vapor-phase electron diffraction data of 
Schafer and co-workers, who described the structure as “a mixture of 
several conformations differing only in the rotational arrangement of the 
six-membered ring with respect to the carbonyl groups” (48). Moreover, 
Hoffmann and co-workers predicted that slowed Cr(CO) 3 rotation might 




Fig. 5. Tripodal rotation in (l,3,5-cyclohexatriene)Cr(CO) 3 . 
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Fig. 6. [(Benzyl)Cr(CO) 3 ] + in which the methylene group is bent down so as to optimize the 
orbital overlap between p z on the benzylic carbon and d x i- y i on chromium. 


be observable if certain electronic criteria could be satisfied. For example, 
if one could bring about bond fixation in an arene ring such that one 
Kekule structure was strongly preferred, as in Fig. 5, then the barrier to 
rotation of the Cr(CO) 3 moiety could be as high as 19 kcal mol -1 . 

Furthermore, it was proposed that molecules possessing a benzylic-type 
carbon with a vacant p z orbital should interact with a filled orbital of the 
Cr(CO) 3 fragment and so stabilize the nonplanar structure shown in Fig. 6. 
These calculations suggested not only that the benzylic carbon would bend 
down toward the metal through an angle of approximately 12° but also that 
conformer 19a should be markedly favored over 19b. 



19a 19b 
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The predictions of Hoffmann and co-workers have since been ex¬ 
perimentally verified and are discussed in detail in Section VI. 


V 

STERIC BARRIERS TO TRIPODAL ROTATION 

A. 13 C NMR Spectra of (Hexaethylbenzene)Cr(CO) 3 

As mentioned in Section I, the relative abilities of free and of 7r- 
complexed arene rings to transmit the inductive and resonance effects of 
substituents have been the subject of numerous kinetic measurements and 
spectroscopic studies (19,49-51). Such reports have not been restricted 
to l H NMR spectra but have also included 13 C and l9 F investigations 
(52-54). Among the factors that have been invoked to account for the 
observed data are (1) the magnetic anisotropy of the metal-arene bond, 
(2) cr participation in the transmission of substituent effects, and (3) a 
reduction in the arene ring current. 

The evaluation of ring current contributions to chemical shifts of pro¬ 
tons in the vicinity of arenes requires an understanding of the local aniso¬ 
tropic contributions of the ring carbons (55,56); these data can be obtained 
only by solid-state 13 C mesurements (57,58). To this end, the cross¬ 
polarization magic angle spinning (CPMAS) l3 C solid-state NMR spectra of 
a series of (arene)Cr(CO) 3 complexes, where the arene was C 6 H 6 , C 6 Me 6 , 
and C 6 Et 6 , were measured by Maricq et al. (59). A surprising result 
emerged for the hexaethylbenzene complex, and this serendipitous 
observation ultimately led to an unequivocal resolution of the tripodal 
rotation problem. 

Before one can extract the principal elements of the 13 C shielding tensor 
for the ring carbons of the above-mentioned (arene)Cr(CO) 3 complexes, 
one must obtain the isotropic chemical shifts of these carbons from the 
magic angle spinning experiment. In the complex (hexaethylbenzene)- 
Cr(CO) 3 (20), the spectrum exhibited two equally populated environ¬ 
ments for the methyl carbons, for the methylene carbons, and also for 
the aromatic carbon nuclei. The conclusion drawn was that the sixfold 
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symmetry of the ring had been broken to C 3 , thus making three alternating 
ring positions inequivalent to the intervening ones (59). Because a pre¬ 
liminary X-ray structure (60) of noncomplexed hexaethylbenzene (HEB) 
indicated that the ethyl groups projected alternately above and below the 
plane of the arene ring (giving a molecular point group of Z) 3d ), it was pro¬ 
posed that the arene adopted the same conformation in (HEB)Cr(CO) 3 
(20). Thus the methyl carbons positioned proximal and distal to the 
Cr(CO) 3 group are rendered magnetically nonequivalent. Similarly, the 
methylene and arene ring carbons should be split in accordance with 
the overall C 3v symmetry of the complex. 

Subsequently, these same effects were observed in the 13 C NMR spectra 
of (HEB)Cr(CO) 3 (20) at low temperature in solution (61); again the 
methyl, the methylene, and the arene ring carbons are each split into 
equally intense resonances. The analogous tungsten complex, (HEB)- 
W(CO) 3 , behaves similarly and its l H and 13 C variable-temperature NMR 
spectra are depicted in Fig. 7; once again the Qv structure of the molec¬ 
ule is evident. 


B. (HEB)Cr(C0) 2 L Complexes , L = CO, CS, PR 3 

In 1980, a very significant contribution was made by Hunter et al, , who 
established that (HEB)Cr(CO) 3 in the solid state adopts the alternating 
proximal-distal arrangement of ethyl groups (62). Moreover, they also 
showed that the organometallic tripod is oriented such that the metal 
carbonyl ligands lie directly beneath the distal ethyls so as to minimize any 
steric interactions with the proximal alkyl chains. Furthermore, the authors 
of this important paper discussed the relative energies of the numerous 
conformers of HEB (see Fig. 8, conformers a, c, e, and h) and showed the 
l,3,5-distal-2A,6-proximal isomer (a) to be favored over those structures 
that place adjacent ethyls on the same face of the arene (65). The highest 
energy conformation (h) is that in which all six ethyls are oriented the same 
way and the molecule has C 6v symmetry; of course, in a metal complex of 
type h, these six ethyls must all be distal with respect to the organometallic 
moiety. (The labeling of the conformers of HEB follows the notation 
introduced in Ref. 63.) 

One fluxional process in 20 that was unequivocally established was the 
barrier to ethyl rotation, i.e. the interconversion of proximal and distal 
ethyl groups. This mechanism, for which AG* = 11.5 kcal mol -1 , equili¬ 
brates not only the two arene ring carbon environments but also the two 
methylene and the two methyl peaks, as shown in Fig. 7. 



300 


MICHAEL J. McGLINCHEY 






(e) (h) 

Fig. 8. (C 6 Et 6 )M conformers with differing arrangements of proximal and distal ethyl 
substituents. 


The large magnitude (8 ppm) of the chemical shift difference between 
the two arene ring carbon environments in (HEB)Cr(CO) 3 , both in solu¬ 
tion and in the solid state, is suggestive of very different chromium-to-ring 
interactions. This might be interpreted as circumstantial evidence in favor 
of slowed tripodal rotation on the NMR time scale because three ring 
carbons would be directly bonded to the metal center. Nevertheless, such a 
claim remains open to the rebuttal that, once the ethyl rotation has slowed, 
the molecule has effective C 3v symmetry whether the tripod spins or not! 

To resolve this problem, McGlinchey et al. chose to break the sym¬ 
metry of the tripod by incorporating a thiocarbonyl ligand (64). The X-ray 
crystal structure of (HEB)Cr(CO) 2 CS ( 21 ) closely parallels that of 
(HEB)Cr(CO) 3 in that the tripodal ligands eclipse the three distal ethyl 
groups; the molecular point group in 21 is C s —a single mirror plane. This 
lowered symmetry is reflected in the 13 C NMR spectrum of the hexaethyl- 
benzene ligand that exhibits 2:1:2:1 patterns for the methyls, the 
methylene carbons, and the aromatic ring nuclei, as shown in Fig. 9. These 
data, together with the observation that the 13 C NMR spectra for 21 were 
very similar in CD 2 C1 2 solution and in the solid state, led McGlinchey et al. 
to propose that tripodal rotation had indeed been slowed on the NMR time 
scale (64). Such a scenario would impose C s symmetry on the molecule and 
break the three fold degeneracy of the proximal and distal ethyl groups. 
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6 /p.p m 

Fig. 9. Variable-temperature 13 C NMR spectra of (HEB)Cr(CO) 2 CS (21). 


However, this view was challenged by Hunter and Mislow (65), who 
pointed out that another explanation had to be considered. They raised the 
possibility that the hexaethylbenzene ligand in 21 might adopt.a conforma¬ 
tion in solution different from that found X-ray crystallographically in the 
solid state. In particular, they noted that in conformers such as c or e in 
Fig. 8 the HEB ligand possesses C s symmetry and thus it is not necessary to 
invoke slowed rotation of the Cr(CO) 2 CS tripod. This objection could not 
be dismissed lightly because by this time several metal complexes of 
hexaethylbenzene were known in which a variety of ethyl orientations 
could be detected both in solution and in the solid state. 

Astruc et al. found that [(HEB)Fe(C 5 H 5 )]^ PF 6 “ (22) adopts con¬ 
formation c in the crystalline state (66), but Zaworotko and co-workers 
demonstrated that merely changing the counterion, as in [(HEB)Fe(C 5 H 5 ] + 
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BPh 4 “ (23), yielded structure e (67). Moreover, it was shown by variable- 
temperature NMR measurements that these rotamers coexisted with con- 
former a in solution (68). Mislow and Hunter found that replacement of 
one carbonyl ligand in (HEB)Cr(CO) 3 by a series of phosphines of increas¬ 
ing steric bulk yielded the following structures: (HEB)Cr(CO) 2 PMe 3 
(24;c) (68); (HEB)Cr(CO) 2 PEt 3 (25;e and h) (69); and (HEB)- 
Cr(CO) 2 PPh 3 (26; h) (63). Similarly, Hunter et al. have established the 
structure of (C 6 Pr 6 )Cr(CO) 2 PPh 3 in which all six n-propyl substituents 
are distal (70). More recently, Herrmann et al. have reported that in 
[(HEB)Mo(CO) 3 C1] + MoC1 6 - (27), the chlorine and the three carbonyl 
ligands occupy the vertices of a square-based pyramid capped by the 
molybdenum atom (71). In this complex, the hexaethylbenzene exists as 
yet another stereoisomer, viz., the l,2,4,5-distal-3,6-proximal conformer 
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(b), which presumably minimizes the interactions between the ethyl substi¬ 
tuents and the ligands on the metal without having to resort to the high- 
energy all -distal arrangement. No variable-temperature NMR data have 
yet been reported on this fascinating molecule. However, in the closely 
analogous protonated species [(HEB)M(CO) 3 H] + (28), where M = Cr, 
Mo, and W, the cation has C 3v symmetry because the hexaethylbenzene 
ligand retains conformation a but the proton attacks along the threefold 
axis (72). 

The choice was thus clearly delineated: if (HEB)Cr(CO) 2 CS (21) could 
be unequivocally shown to adopt conformation a in solution, then the 
assertion of restricted rotation would be on firm ground. For a it is only by 
freezing out the Cr(CO) 2 CS rotation that one can generate a molecule 
possessing a single mirror plane. On the other hand, if it could be shown 
that the predominant isomers of 21 present in solution were c and/or e, 
then the cessation of tripodal rotation would remain an open question. 
Subsequent discussion centered on whether one could unequivocally assign 
particular methyl, methylene, and ring carbon 13 C NMR resonances to 
proximal or to distal ethyl groups (73, 74). Such attributions are obviously 
crucial to an unambiguous determination of the particular HEB conformer 
in any given complex. 


C. (Pentaethylacetophenone)Cr(CO) 3 and Related Complexes 

The original strategy for resolving the problem of arene-metal rotation 
was to split the threefold symmetry of the tripod and then detect this 
lowered symmetry by monitoring the chemical shifts of the methyl, 
methylene, and ring carbons of the HEB ligand. A second approach 
involved the use of (C 6 Et 5 COMe)Cr(CO) 3 (29), in which the highest 
possible symmetry is C s ; the crystal structure of 29 reveals that this mole¬ 
cule adopts a conformation that closely mimics that of (C 6 Et 6 )Cr(CO) 3 
(20) (75). 

As shown in Fig. 10, the tricarbonylchromium moiety in 29 is nestled in 
an environment made up of three proximal methyl groups whereas the 
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Fig. 10. X-Ray crystal structure of (C 6 Et 5 COCH 3 )Cr(CO) 3 (29). Reproduced from Ref. 
75, with permission of the American Chemical Society. 


intervening ethyls are disposed in a distal manner. In this case, the 500- 
MHz l H and 125-MHz 13 C NMR resonances of the pentaethylacetophe- 
none (PEAP) ligand are unaffected by the spinning rate of the tripod; 
however, restricted rotation of the Cr(CO) 3 fragment in a molecule posses¬ 
sing a single mirror plane must split the threefold degeneracy of the 
carbonyl ligands. The spectra shown in Fig. 11 provide an experimental 
realization of the hypothetical situation previously alluded to in Section II. 
The 2:1 splitting of the Cr( 13 CO) 3 signal in the solid-state spectrum or in 
solution at -100°C unequivocally demonstrated the cessation of tripodal 
rotation on the NMR time scale (74); the activation energy for this tripodal 
rotation process is ~9 kcal mol -1 . 

Moreover, the striking correspondence between the 13 C NMR data in 
both phases left no doubt that the arene substituents adopted the alternat¬ 
ing proximal-distal arrangement, as for conformer a in HEB. We note 
here the chemical shifts of the distal 4-ethyl substituent in 29. These 
assignments are rendered completely unambiguous in this case because 
these resonances are only half as intense as those of the other ethyl groups. 
These methyl, methylene, and ring carbons are found at 8 14.68, 22.96, 
and 118.62, respectively, and establish the distal resonances in (HEB)- 
Cr(CO) 3 at 8 14.2, 22.8, and 117.2. The corresponding proximal peaks 
in 29 (20) appear at 520.8 (20.1), 19.3 (19.4), and 109.1 (108.8). The assign¬ 
ment of given ethyl substituents to proximal or distal sites in an (HEB)- 
ML 3 complex can thus be made with some confidence, and data for all the 
known systems have been collected (76). 
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Fig. 11. 13 C NMR spectra of (C 6 Et 5 COCH 3 )Cr(CO) 3 (29). (a) Dipolar dephased 25.1- 

MHz CPMAS solid-state spectrum in which the methylene resonances have been suppressed, 
(b) Normal 25.1-MHz CPMAS solid-state spectrum, recorded at +30°C. (c) 125.7-MHz 
high-resolution spectrum in CD 2 C1 2 at +30°C, (d) Metal carbonyl resonances at — 100°C. 
Reproduced from Ref. 75, with permission of the American Chemical Society. 


A particularly elegant extension of this concept has been reported by 
Kilway and Siegel (77), who prepared l,4-bis(4,4-dimethyI-3-oxopentyl)- 
2,3,5,6-tetraethylbenzene (30; Fig. 12) and its tricarbonyl complex (31). 
The free ligand has Qh symmetry, which renders inequivalent the 
methylene protons of each ethyl group. However, as depicted in Fig. 12, 
rotation of the alkyl groups in 30 interconverts these proton environments. 
That is, methylene protons of the ethyl groups are diastereotopic at the 
static limit but are enantiotopic under dynamic exchange; they serve as a 
probe of the ethyl group rotation in the free arene. In contrast, the 
complex 31 has only C s symmetry at the static limit but has effective C 2v 
symmetry when alkyl and tripodal rotations are rapid on the NMR time 
scale. Thus one can distinguish the two ketonic environments in 31 when 
alkyl rotation is slow (at —6°C). Moreover, the Cr(CO) 3 tripod yields a 
2:1 13 CO pattern at -90°C. This ingenious experiment allowed the inde¬ 
pendent measurement of the alkyl rotation process (11.3 kcal moP 1 in the 
free ligand; 11.5 kcal mol -1 in the complex) and the barrier to tripodal 
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Fig. 12. Alkyl rotation in 30 equilibrates the “inner” and “outer” methylene protons of 
the ethyl groups. 


rotation (9.5 kcal moP 1 ). Although there is now a consensus that tripodal 
rotation can be slowed in these systems, the question of steric com¬ 
plementarity between the arene and the metal tripod continues to attract 
attention (78). 



D. (HEB)Cr(CO)L'L" Complexes, L = A/0 + , CS 

Having established that one could readily assign proximal and distal 
ethyl groups in these systems, Mailvaganam and co-workers returned to 
the (HEB)ML 3 problem (75). Clearly, it is necessary to incorporate ster- 
ically nondemanding ligands because bulky phosphines complicate the 
situation by generating mixtures of stereoisomers (74). To this end, they 
chose to synthesize other molecules of the type (HEB)Cr(CO)L'L" in 
which the new ligands were small cylindrical ones possessing essentially the 
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same steric properties as the carbonyl group. The new systems examined 
were [(HEB)Cr(CO) 2 NO] + BF 4 - (32) and [(HEB)Cr(CO)(CS)NO] + 
BF 4 ~ (33). This latter molecule is a tribute to our French colleagues, whose 
elegant use of chirality to elucidate mechanisms derives not merely from 
the discoveries of Louis Pasteur but also from the topology of their coun¬ 
try, which is known colloquially as “L’Hexagone.” The enantiomers of 
(FRANCE)Cr(CO) 3 appear as Fig. 13. 




The ions 32 and 33 were both characterized by X-ray crystallography 
(see Fig. 14) and were shown to adopt the l,3,5-distal-2,4,6-proximal 
conformation (a; Fig. 8) entirely analogous to the previously characterized 
complexes (HEB)Cr(CO) 3 (20) and (HEB)Cr(CO) 2 CS (21). The nitrosyl 
complex, 32, exhibited a low-temperature 13 C NMR spectrum with 
2 : 1 : 2:1 patterns for the methyl, methylene and ring carbon environ¬ 
ments, in complete accord with the behavior of the thiocarbonyl system 21. 
Again, these are consistent only with a molecule of C s symmetry showing 
restricted rotation about the ring-tripod axis. 

The piece de resistance is the low-temperature 125-MHz 13 C NMR spec¬ 
trum of [(HEB)Cr(CO)(CS)NO] + (33), in which the chiral tripod renders 
different all 18 carbons in the hexaethylbenzene ligand. In this spectacular 




Fig. 13. A map of France superimposed on (benzene)Cr(CO) 3 renders the molecule 
chiral. Pure enantiomers of chiral arene-chromium complexes were first characterized by 
G. Simonneaux, A. Meyer, and G. Jaouen [Tetrahedron 31, 1891 (1975)] at the University of 
Rennes, which is marked by a dot on the map. 
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Fig. 14. X-Ray crystal structure of the cation [(HEB)Cr(CO)(CS)NO] + (32). Repro¬ 
duced from Ref. 76, with permission of the American Chemical Society. 


spectrum, shown as Fig. 15, not only does one see six peaks for the methyl 
carbons, the methylene carbons, and the ring carbons, but also these 18 
resonances are found at chemical shifts appropriate for three proximal and 
three distal ethyl groups. This latter point is crucial because the mere 
observation of six different ethyl resonances is insufficient to show une¬ 
quivocally that tripodal rotation has slowed. In conformer c (Fig. 8), the 
1,3 -distal and 2,4 -proximal groups would be diastereotopic even when the 
chiral tripod is rotating. The crucial requirement is that the 1,3,5 -distal- 
2,A,b-proximal peak pattern be retained. Simulation of the variable- 
temperature spectra of 21, 32, and 33 reveals that they are best fit by 
invoking two rotational barriers. In each case, the tripodal rotation has an 
activation energy of approximately 9.5 kcal mol -1 whereas rotating ethyl 
groups must surmount a barrier of *11.5 kcal mol -1 (76). The large differ¬ 
ence in activation energies for these two processes tells us that they are 
not correlated. One might have envisioned a cogwheel process (79,80) by 
which a correlated interconversion of proximal and distal ethyl substituents 
allows the tripod to spin through 60°. Such a mechanism would require that 
the coalescence behavior in the chiral complex 33 show exchange between 
proximal and distal sites (i.e ., ethyl rotation) with the same activation 
energy as the exchange within these proximal and distal environments; the 
latter process is brought about by tripodal rotation. Such a scenario is not in 
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Fig. 15. Variable-temperature 125.8-MHz 13 C NMR spectra of [(HEB)Cr(CO)- 
(CS)NO] + (32). Reproduced from Ref. 76, with permission of the American Chemical 

Society. 
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accord with the experimental observations (76). One is therefore led to the 
conclusion that the tripod executes 120° jumps over a barrier of 
«9.5 kcal mol -1 so as to maintain its orientation below the distal ethyls. 
Subsequently, as the temperature is raised, ethyl rotation becomes fast on 
the NMR time scale and the combination of these two fluxional processes 
equilibrates all six methyl, all six methylene, and all six ring carbon sites. 
The first experimental evidence indicating that proximal-distal exchange 
proceeds via uncorrelated ethyl rotations came as a result of simulations by 
Mislow and co-workers (63) and this claim has been vindicated by all 
subsequent reports. 

E. Other Sterically Hindered Arenes 

Two other examples have appeared in which tripodal rotation of an 
M(CO) 2 L moiety can be slowed because of steric hindrance. Hunter and 
co-workers prepared and crystallographically characterized the very hin¬ 
dered complex dicarbonyltriphenylphosphine(i7 6 -l,3,5-triethyl-2,4,6-tris- 
(trimethylsilylmethyl)benzene)molybdenum(O) (34) (81). In this system, 



they demonstrated that three fluxional processes can become slow on 
the NMR time scale at low temperatures: slowed proximal-distal ethyl 
exchange (63,64,75-77) and restricted rotation about a metal-phosphorus 
axis (82-85) have been observed elsewhere, but the splitting of the car¬ 
bonyls to give two resonances indicates that rotation of the Mo(CO) 2 PPh 3 
tripod about the ring centroid-to-molybdenum axis must also have a 
barrier detectable in the NMR regime. Because of the low intensities of 
the decoalesced resonances, the authors were unable to report a precise 
value of the activation energy for tripodal rotation, but an estimate of 
«8.5 kcal mol -1 was offered (81). 

Another beautiful example reported by Hunter and co-workers involves 
the chromium tricarbonyl complexes of the all-syn and the syn-atiti-syn 
isomers of trimeric bicyclo[2.2.1]hept-2-yne, 35 and 36, respectively (86). 
Both of these molecules have been characterized X-ray crystallographically 
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and also by 13 C NMR spectroscopy at 75.5 MHz. In the all-syn isomer (35), 
the three methylene bridges are proximal with respect to the metal; the 
steric hindrance is minimal and the 13 CO spectrum remains a singlet even 
at — 130°C. In contrast, the Cr(CO) 3 tripod in the syn-anti-syn complex 36 
encounters the much more bulky two-carbon bridge. The carbonyl reso¬ 
nance in 36 broadens very markedly below ~T20°C and in the limit appears 
to be approaching the 1:2 pattern expected for the C s symmetry found 
in the solid state. The estimated barrier of —6.5 kcal mol -1 is close to 
the lower limit attainable experimentally by using NMR line-broadening 
techniques. 



VI 

ELECTRONIC BARRIERS TO TRIPODAL ROTATION 

A. Localized Double Bonds in Arene Complexes 

The calculatory approach of Hoffmann and co-workers (46,47), which 
was mentioned in Section IV, advanced two scenarios by which electronic 
influences might be brought to bear on the tripodal rotation barrier. The 
first possibility raised was that bond fixation in an arene ring would impose 
a substantial barrier to tripodal rotation. This concept, brilliantly exploited 
by Nambu and Siegel (87), saw its experimental realization in the ter- 
phenylene complex 37. The crucial factors here were (1) the partial bond 
fixation caused by the presence of the benzocyclobutadiene moieties and 
(2) the lowering of the symmetry from C 3v to C s , which resulted in a 2:1 
splitting of the Cr( 13 CO) 3 resonance at low temperature. The tripodal 
rotation barrier in 37 is approximately half of that predicted by Hoffmann 
and co-workers for a fully localized system. Thus, one is tempted to use 
this measured barrier to Cr(CO) 3 spinning as a measure of the extent of 
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bond fixation in the terphenylene molecule. An earlier attempt to prepare 
the Cr(CO) 3 complex of benzotricyclobutene (38) by cyclization of a 
radialene led instead to the polyene 39 (55). 

B. Benzyl chromium Tricarbonyl Cations 

Hoffmann and co-workers also proposed that [(benzyl)Cr(CO) 3 ] + would 
preferentially adopt structure 19a, analogous to 3, which would be approx¬ 
imately 6.8 kcal mol -1 more stable than rotamer 19b. Moreover, it was 
suggested that the exocyclic methylene group should bend down by 11° 
toward the metal atom so as to optimize the overlap between the vacant p z 
orbital on carbon and a suitable filled d orbital on chromium (47). [X-Ray 
crystallographic data on the closely analogous ferrocenyl cation 40 re¬ 
vealed a methylene bend angle of 20° (59, 90); moreover NMR data on the 
tricobalt cluster 41 have confirmed that the C=CR 2 moiety leans toward a 
Co(CO) 3 vertex (97).] 
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Preliminary evidence supporting the proposal by Hoffmann and co¬ 
workers was provided by Ceccon and co-workers, who reported that the 
22.6-MHz 13 CO spectrum of the cation 42, derived by protonating (methyl- 
p-tolyl carbinol)Cr(CO) 3 with FS0 3 H, shows three carbonyl resonances at 
low temperature (92). However, no spectra were shown nor was an activa¬ 
tion energy barrier calculated. Subsequently, this experiment was repeated 
and the NMR spectra were recorded using a 500-MHz spectrometer (93). 
Figure 16 depicts the 125.7-MHz 13 C spectrum of 42 over the range -60 to 
-25°C (at which point the coordinated cation shows clear signs of decom¬ 
position) and fully confirms the original claim by Ceccon and co-workers. 
Simulation of the spectrum gives a AG 248 value of ca. 11.7 kcaP 1 for the 
tripodal rotation process. 

More recent EHMO calculations found a minimum energy structure 
for 19a when the chromium is displaced by 0.12 A toward the benzylic 
carbon and the methylene bend angle is 22°. As shown already in Fig. 6, 
the principal stabilizing interaction allows the delocalization of the positive 
charge onto the Cr(CO) 3 unit via overlap with the filled d x i - y 2 orbital on 
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228 226 ppm 

Fig. 16. Variable-temperature 125.8-MHz 13 C NMR spectra of [(4-Me-C 6 H 4 -CHMe)- 
Cr(CO) 3 ] + (42) in the metal carbonyl region. 


chromium. At the optimum position the gain in stability resulting from the 
bending of the methylene carbon is «1.7 kcal mol -1 . To the extent that 
one chooses to believe the charge distribution given by the EHMO calcula¬ 
tions, the benzylic carbon in the planar cation bears a charge of +0.34 but 
this is reduced to +0.23 as a result of methylene bending and interaction 
with the chromium center. The experimentally determined activation ener¬ 
gy of 11.7 kcal mol -1 presumably includes not only the barrier to rotation 
of the tricarbonylchromium moiety through 120°, but also the bending of 
the methylene fragment. The EHMO derived barrier for this fluxional 
process in [(benzyl)Cr(CO) 3 ] + was calculated to be 7.4 kcal mol -1 (93). 

As pointed out by Nambu and Siegel (87), the barrier to tripodal 
rotation in 37 can be related to the the degree of bond fixation in the 
central aromatic ring. Likewise, the extent of charge localization in 
[(benzyl)Cr(CO) 3 ] + should control the barrier to Cr(CO) 3 rotation. The 
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incorporation of electron-donating or -withdrawing substituents in the 
77 -complexed phenyl ring should modify the electron density distribution at 
the ring carbons and so affect the barrier to tripodal rotation. Thus, 
placement of a methyl or methoxy group para to the benzylic cation should 
help to localize the relatively electron-rich sites at the C-l, C-3 and C-5 
positions. In contrast, incorporation of a methyl or methoxy substituent 
meta to the benzyl cation would be expected to counteract the charge 
localization and lower the barrier to rotation of the Cr(CO) 3 fragment 
because no single orientation is greatly favored over the others. This pic¬ 
ture gains support from EHMO calculations that yield rotational barriers 
of 7.5 and 5.1 kcal mol -1 , respectively, for the p - and m-(methoxy- 
benzyl)Cr(CO) 3 cations. Indeed, tripodal rotation in the p-methoxy- 
benzyl complex 43 is slowed at -70°C, but the onset of decoalescence 
appears only at -100°C for the analogous m-methoxy system 44. 

Interestingly, an EHMO calculation on the tertiary cation [(C 6 H 5 - 
CMe 2 )Cr(CO) 3 ] + shows that bending of the a-carbon toward the metal is 
energetically slightly disfavored. There are no major steric problems and 
one might speculate that the tertiary cation has much less need for 
anchimeric assistance from the chromium than does a primary cation. Such 
a proposal has been advanced previously with respect to cluster-stabilized 
cations such as [Co 3 (CO) 9 C-CR 2 ] + {94,95). The 13 C NMR spectra of the 
primary cations [(3-methylbenzyl)Cr(CO) 3 ] + (45) and [(4-methylbenzyl)- 
Cr(CO) 3 ] + (46), which are stable below -50°C, have been recorded. The 
slightly increased rotational barrier in 45 relative to that in 42 perhaps 
indicates a stronger interaction of the primary cationic center with the 
electron-rich metal atom than is the case for the secondary cation 42. 

Olah and Yu have reported a marked deshielding of the benzylic car¬ 
bon when going from (cumyl alcohol)Cr(CO) 3 , 8 71.42, to [(C 6 H 5 - 
CMe 2 )Cr(CO) 3 ] + , 8 170.92; however, the complexed cumyl cation is 
still shielded by 83 ppm relative to the noncoordinated system, viz. 
[C 6 H 5 CMe 2 ] + (96). It was suggested that this downfield shift of only 
100 ppm could be interpreted in terms of decreased localization of the 
positive charge on the benzylic site because the electron deficiency could 
be alleviated by donation from the tricarbonylchromium moiety. Seyferth 
et al. (97) and Ceccon and co-workers (92) have noted that transformation 
of secondary alcohol complexes into secondary carbocations, e.g., the 
mono- or bis-Cr(CO) 3 complexes of [(MeC 6 H 4 ) 2 CH] + , brings about a 
deshielding of the benzylic carbon nucleus of =65 ppm. However, pro¬ 
tonation of primary alcohols to yield the corresponding primary carboca- 
tion complexes, such as 43-46, results in a deshielding of only =25 ppm 
(93). This is a clear indication that the delocalization of positive charge 
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onto the Cr(CO) 3 fragment is very considerable in the primary carboca- 
tionic complexes. 

It appears, therefore, that the 13 C NMR chemical shifts of the benzylic 
carbons together with the activation energy barriers toward tripodal rota¬ 
tion are useful probes of the localized nature of the arene-to-chromium 
interactions. 

C. Fulvene Complexes 

As noted above, the ferrocenylmethyl cation 40 adopts a bent geometry 
{89,90) such that one extreme canonical form would represent the cation 
as a (C 5 H 5 )Fe + fragment bonded to a nonplanar fulvene ligand. This 
concept is buttressed by the X-ray crystallographically determined struc¬ 
ture of (6,6-diphenylfulvene)Cr(CO) 3 in which the exocyclic carbon is bent 
down through 30° {98). Hoffmann and co-workers have calculated that for 
(fulvene)Cr(CO) 3 the staggered rotamer 47a should be 7.3 kcal mol" 1 
more stable than the eclipsed rotamer 47b; this difference is augmented to 
9.3 kcal mol -1 when the exocyclic methylene is bent down by 30° toward 
the metal {46). Preliminary results by Kreiter (99) and by Behrens and 
co-workers {100) suggest that tripodal rotation may be slowed on the 
NMR time scale at low temperature. 



47a 47b 



48R 1 = Ph; R 2 = Ph; L = CO 

49R 1 = Ph; R 2 : He; L : CO 

50R 1 = Ph; R 2 = Me; L = NO 4 

The 13 CO NMR spectra of (6,6-diphenylfulvene)Cr(CO) 3 (48) and of 
(6-methyl-6-phenylfulvene)Cr(CO) 3 (49) each show decoalescence be¬ 
havior at low temperature. The former yields a 1:2 peak pattern whereas 
the latter, as befits a chiral molecule, exhibits three carbonyl resonances; 
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j.-V'V'A 

240 235 ppm 

Fig. 17. Variable-temperature 125.8-MHz 13 C NMR spectra of (6-methyl-6-phenylful- 
vene)Cr(CO) 3 (49) in the metal carbonyl region. 

the experimental spectra for 49 are shown in Fig. 17. The Arrhenius plots 
in each case yield energy barriers of ca. 11 kcal mol -1 . These data on tri¬ 
podal rotation barriers support the concept of parallelism between benzyl 
and fulvene ligands (93). 

Finally, it is noteworthy that in their pioneering studies on half-sandwich 
molecules Rausch et al. reported the l H and 13 C NMR spectra of a series of 
[(C 5 H 4 -CR'R")Cr(CO) 2 NO] + complexes (50) ( 101 ). It was noted that in 
some cases the carbonyl ligands gave rise to two resonances even at 
ambient temperature; this was interpreted in terms of restricted rotation of 
the ML 3 tripod. In view of the low barriers to Cr(CO) 3 rotation observed 
in the benzyl and fulvene complexes discussed here, the CO splitting in the 
nitrosyl systems requires an explanation. In fact, we note that the only 
cations 50 that yield two 13 CO peaks are those in which R' =£ R"; such 
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molecules are chiral and the CO ligands are rendered diastereotopic. Thus, 
these carbonyls are always different and one cannot use this observation as 
a valid argument for restricted rotation of the tripod. It does, however, 
support the assertion by Rausch et al. that there is restricted rotation about 
the C-5-C-6 bond. Likewise, as shown by Ceccon and co-workers, (92) 
rotation about the aryl-CR 2 bond in benzyl systems has a very high 
barrier. Indeed, the retention of stereochemical integrity in such cations 
has been exploited synthetically (102). 

EHMO calculations on 50, where R' = R" = H, show that the symmetric 
isomer 51a is favored by 2.1 kcal mol -1 over the unsymmetrical rotamer 
51b and also that the barrier to rotation is only 7.3 kcal moP 1 . This is 
consistent with observations that rotation of Cr(CO) 3 , [Cr(CO) 2 NO] + , 
Cr(CO) 2 CS, and [Cr(CO)(CS)NO] + tripods attached to hindered arenes 
have very similar barriers (76). 



NO CO 

51a 51b 


It is relevant to recall that, some years ago, Graves and Lagowski 
prepared a series of bis(arene)chromium complexes and recorded their 
NMR spectra. In some molecules, such as bis(o-fluorotoluene)chromium, 
the methyl resonances are split; in each case, this splitting is not exhibited 
by the corresponding para isomers (103). The authors were careful to 
point out that such observations do not require restricted rotation about 
the arene-metal bond. The existence of meso and d,l sandwich compounds 
in the ortho or meta series can lead to the appearance of extra resonan¬ 
ces. Analogously, l,T-dw-butyl-3,3'-bis(2,2-dimethylpropionyl)ferrocene 
shows a multitude of l H and 13 C peaks. These were initially explained in 



R 1 = Me 3 C ; R 2 = Me 3 C-C0 


52 


53 
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terms of restricted rotation of the cyclopentadienyl rings (104), but the 
spectrum was subsequently rationalized on the basis of a mixture of meso 
and d,l forms, 52 and 53, respectively (105). Clearly, one must always take 
careful account of molecular symmetry when considering the possibility of 
restricted rotation. 


VII 

RELAXATION TIME STUDIES AND SOLID-STATE NMR 
MEASUREMENTS 

In (C 6 H 6 )Cr(CO) 3 and in (f-Bu-C 6 H 5 )Cr(CO) 3 the barriers to tripodal 
rotation in solution have been calculated from 13 C spin-lattice relaxation 
data and are ~1 kcal moP 1 (106). These values compare with estimates of 
~4 kcal mol -1 for the corresponding process for (C 6 H 6 )Cr(CO) 3 in the 
crystalline state (107). Wagner and Hansen have reported values of 15 and 
17 kcal moP 1 , respectively, for the ring rotation in (toluene)Cr(CO) 3 and 
the molybdenum analog (108). However, these latter results have been 
reevaluated by Braga and Grepioni, who prefer to interpret the data in 
terms of small-amplitude vibrations rather than full reorientational motion 
of the M(CO) 3 moiety relative to the arene ring (109,110). 


VIII 

STERICALLY CROWDED CYCLOPENTADIENYL COMPLEXES 

The comprehensive studies of Erker et al. on diene complexes of zirco¬ 
nium have yielded numerous molecules of considerable interest to NMR 
spectroscopists. In particular, it has been shown that bis(r; 5 -alkylcyclo- 
pentadienyl) (7j 4 -butadiene)zirconium (54) exhibits restricted rotation 
of the cyclopentadienyl rings when bulky alkyl substituents are used 
(iii). This phenomenon was first noted in the solid-state NMR spec¬ 
trum but is also detectable in solution; the barrier is ^10.1 kcal mol -1 . In 
related work, Winter et al. have measured the barriers to ring rotation in 
the molecules [C 5 (SiMe 3 ) n H 5 _ n ]MCl 2 (55), where M is Zr or Hf. Cyc¬ 
lopentadienyl ring rotation is much more restricted in the tris- rather than 
in the bis-trimethylsilyl complexes; the authors attribute this result to the 
“gear-meshing” of these bulky groups (112). 

Ferrocenes bearing bulky substituents might be expected to exhibit 
restricted rotation of the cyclopentadienyl rings. Preliminary studies on 
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I, l\3,3'-tetrakis(trimethylsilyl)ferrocene, the corresponding cobaltici- 
nium system, and on tetraphenyl and octaphenyl ferrocenes have been 
reported (113-120). Very recently, such systems have been subjected to 
the more rigorous approach of total line-shape analysis, which yielded 
accurate values for the rotational barriers in ferrocenes and their ruthe¬ 
nium analog (121). Depending on the bulk of the substituents, these 
barriers range from 10 to 20 kcal mol” 1 ; in the ruthenium systems, the 
greater inter-ring separations lead to activation energies of approximately 
10 to 14 kcal mol” 1 . 

We finish by describing the multiple fluxional processes available to the 
chiral complex (C 5 Ph 5 )Fe(CO)(CHO)(PMe 2 Ph) (56) (122). The metal- 
locenic chirality arising from the clockwise or anticlockwise canting 
arrangement of alkyl substituents in peralkylated planar cyclic ligands has 
already been exploited; a particularly fine example is [(/-Pr 5 C 5 )Co- 
(C 5 H 5 )] + (57), in which interconversion of enantiomers occurs via rotation 
of the five isopropyl substituents (123). In 56, the combination of the cant¬ 
ing of the phenyls, together with the inherent chirality associated with 
the iron center, yields a diastereomeric mixture. At low temperature on 
a 500-MHz instrument, one can see not only restricted rotation of the 
phenyls but also of the tripodal moiety. The former process (AG* = 

II . 8 kcal mol -1 ) is not correlated with the tripodal fluxionality, which has 






56 
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He 




57 58 

a barrier almost 3 kcal mol -1 lower than that required to spin the phe¬ 
nyls {124). The rotational behavior of the phenyl rings in (C 5 Ar 5 )-metal 
complexes can also be conveniently followed by 19 F NMR spectroscopy; 
this has been successfully accomplished for [C 5 (C 6 H 5 ) 4 (m-C 6 H 4 F)]Fe- 
(CO) 2 Br (58) ( 125 ). 
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Bishop’s hyperconjugation model, 

156-157 

charge transfer bands, frequencies of, 156 
complexation constants(K), 168 
electron withdrawing properties, 156-158 
Bo- values, 160 
extinction coefficients, 168 
highest molecular orbital (HMO) method, 
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photochemistry, 90 
preparation, 80-81 
thermal reactivity, 90 
uv-vis spectrum, 85 
X-ray analysis, 87-88 
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molybdenum carbonyl ( continued) 
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reactivity, 79-80 
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transition metal complexes 
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platinum(Il), 41,43-49 
platinum(IV), 49-55 
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X-ray crystallography, 73, 75-76, 78 
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Manganese carbonyl diazene complexes, 98 

Molecular orbital perturbation theory, 
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dimetallacycles, 89, 90 
electrochemical reduction, 92-93 
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photochemistry, 90 
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Nitrogen donor ligands ( continued ) 
metallated, 48 
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ionization potentials, 197 
kinetic studies, 195-196 
molar extinction coefficients, 198 
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stability constants, 198 
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thermodynamically restricted, 289-293 
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diazene metathesis, 93 
diazetines, 89-90 
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Water gas shift catalysis, 245-250 
dihydrogen production, 245-246 
rhodium complexes 
catalytic cycle, 248 
efficiency, 247 

metallic centers, synergism between, 
247 

water gas shift reaction, 246-247 
ruthenium complexes, 249-250 
Water-soluble ligands, miscellaneous studies 
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Water soluble ligands, preparation ( continued ) 
sulfonated phosphines, 220-224 
NMR spectroscopy, 223-224 
reactivity, 224 

Whitesides synthesis, 221-222 
Water-soluble ligands. See Homogeneous 
catalysis, water-soluble ligands in 
Water soluble ligands, transition metal 
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preparation, 242-243 
stability constants, 245 
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